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Abstract 76 

The role of ventral hippocampus (vHipp) astroglial gliotransmission in depression was 77 

studied using chronic restraint stress (CRS) and chronic unpredictable mild stress 78 

(CUMS) rodent models. CRS increased Cx43 hemichannel activity and extracellular 79 

glutamate levels in the vHipp and blocking astroglial Cx43 hemichannel-dependent 80 

gliotransmission during CRS prevented the development of depression and glutamate 81 

buildup. Moreover, the acute blockade of Cx43 hemichannels induced antidepressant 82 

effects in rats previously subjected to CRS or CUMS. This antidepressant effect was 83 

prevented by co-injection of glutamate and D-serine. Furthermore, Cx43 hemichannel 84 

blockade decreased postsynaptic NMDAR currents in vHipp slices in a glutamate and D-85 

serine-dependent manner. Notably, chronic microinfusion of glutamate and D-serine, L-86 

serine, or the NMDAR agonist NMDA, into the vHipp induced depressive-like symptoms 87 

in non-stressed rats. We also identified a small molecule, cacotheline, which blocks 88 

Cx43 hemichannels and its systemic administration induced rapid antidepressant 89 

effects, preventing stress-induced increases in astroglial Cx43 hemichannel activity and 90 

extracellular glutamate in the vHipp, without sedative or locomotor side effects. In 91 

conclusion, chronic stress increases Cx43 hemichannel-dependent release of glutamate 92 

and D-/L-serine from astrocytes in the vHipp, overactivating postsynaptic NMDARs and 93 

triggering depressive-like symptoms. This study highlights the critical role of astroglial 94 

gliotransmitter release in chronic stress-induced depression and suggests it can be used 95 

as a target for the prevention and treatment of depression. 96 

Words: 214 97 

Significance Statement 98 

Our study demonstrates that depression, as modeled by chronic restraint stress and 99 

chronic unpredictable mild stress in rodents, is driven by increased astroglial release of 100 

glutamate and D/L-serine through Cx43 hemichannels in the ventral hippocampus. This 101 

release overactivates postsynaptic NMDA receptors (NMDARs), leading to depressive-102 

like behaviors. These findings highlight the critical role of astroglial gliotransmitter 103 

release in the pathogenesis of depression and suggest that targeting astrocytes can 104 

both prevent and treat depression. We also identify a novel small molecule inhibitor of 105 

Cx43 hemichannels with antidepressant properties. Our study makes novel and 106 
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important contributions to the understanding of the mechanisms by which aberrant 107 

glutamatergic activity in the ventral hippocampus occurs and contributes to depression. 108 

 109 

 110 

Introduction 111 

 112 

In depression, available antidepressants target neuronal neurotransmitter-related 113 

mechanisms including neurotransmitter uptake (SSRIs, TCAs), degradation (MAOIs) or 114 

their post-synaptic receptors (vortioxetine, ketamine).  However, neurons are not the 115 

only brain cells that participate in synapses. Astrocytes are the most abundant glial cells 116 

in the brain and release their own transmitters, dubbed gliotransmitters (for a review, see 117 

(1)) onto glutamatergic and GABAergic synapses. In Major Depression (MD), astrocytes 118 

suffer a reduction in their cell density in brain regions relevant to depression, based on 119 

clinical (2, 3), post-mortem (2) and rodent (4, 5) studies, suggesting that their 120 

dysfunction may be associated to the pathogenesis of depression. 121 

One of the key brain regions associated with  depression and among the most 122 

studied is the ventral hippocampus (reviewed in (6)), in which depression is associated 123 

with increased extracellular glutamate in MD patients (7), and in animal models for 124 

depression (8–10).  125 

Astrocytes are critical for the regulation of synaptic glutamate via both recycling 126 

synaptic glutamate and releasing glutamate onto synapses, directly affecting 127 

glutamatergic synaptic transmission (reviewed in [11]). In both MD patients and animal 128 

models for depression, evidence suggests that astrocytes in the hippocampus have a 129 

reduced expression of glutamate transporters, suggesting decreased synaptic clearance 130 

of glutamate (8, 11), which contributes to the increased extracellular glutamate.  131 

We have previously reported that chronic restraint stress (CRS)-one of the main 132 

rodent models for depression-, induces a large increase in astroglial Cx43 hemichannel 133 

activity in the ventral hippocampus, associated to a large Cx43 hemichannel-dependent 134 

increase in extracellular glutamate and ATP (12). Cx43 hemichannels are one of the 135 

main pathways for the astroglial release of gliotransmitters like glutamate and ATP (13–136 

15) and have been shown to be the main pathway of astroglial release of glutamate and 137 

ATP in the hippocampus in response to GABA (16).  138 
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The idea that astroglial Cx43 hemichannel-dependent gliotransmission is 139 

associated with depression is supported by several studies. One study showed that 140 

chronic corticosterone-induced depression is associated with increased astroglial Cx43 141 

phosphorylation (17), known to increase hemichannel activity and decrease gap 142 

junctional activity (18). Antidepressant treatment normalized Cx43 phosphorylation (17), 143 

whilst exposure to antidepressants reduced astroglial Cx43 hemichannel activity in 144 

astroglial primary cultures (19). Direct evidence of a causal role for increased 145 

gliotransmission in the pathophysiology of MD is still lacking. However, a recent study 146 

reported that the oral administration of a novel Cx43 hemichannel blocker dubbed D4, 147 

showed antidepressant effects when administered after the end of stress in the CRS 148 

rodent model of depression. The treated animals showed reduced anxiety- and 149 

depression-like behaviors including learned helplessness and anhedonia (20). Hence, 150 

there is increasing evidence that astroglial gliotransmission via Cx43 hemichannels may 151 

contribute to depression, but the mechanisms that subserve such a contribution have not 152 

been studied to date. In the present study, we evaluated the role of gliotransmission and 153 

specifically, astroglial Cx43 hemichannel-dependent gliotransmission, in the 154 

development of depressive-like behavior in the rat models of CRS and unpredictable 155 

mild stress (CUMS), and whether they could be targeted for the development of 156 

antidepressants. Given that the previous study using CRS showed antidepressant 157 

effects of Cx43 blockade in both learned helplessness and anhedonia (20), only learned 158 

helplessness was used here as a surrogate for depressive-like behaviors.  159 

One of the benefits of studying Cx43 hemichannels is that in the brain, Cx43 is 160 

only expressed in astrocytes (21, 22), so it is possible to selectively interfere with their 161 

activity, affecting astroglial gliotransmission. The pharmacological blockade of Cx43 162 

hemichannels is attained by a mimetic peptide known as TAT-Cx43L2 (henceforth, TAT-163 

L2), which is cell permeable and selectively decreases Cx43 hemichannel activity 164 

without directly affecting inter-neuronal (synaptic) or gap junction-mediated inter-165 

astroglial communication (13, 22). The TAT-L2 peptide has been widely used to identify 166 

Cx43 hemichannel-dependent astroglial tracer uptake and gliotransmission (12, 16, 22, 167 

23). 168 
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Results 169 

 170 

To evaluate the involvement of ventral hippocampal astroglial Cx43 171 

hemichannels in depression, TAT-L2 was chronically microinjected into the ventral 172 

hippocampus using osmotic pumps throughout the 10 days of CRS, which was 173 

employed to induce depressive-like behaviors in rats (see experimental design in Fig. 174 

1A). As shown in Figure 1B, CRS (veh, black) induced depressive-like symptoms, 175 

increasing immobility in the tail suspension test (TST), compared to non-stressed 176 

animals (Fig. 1B, veh, white). Notably, the chronic blockade of Cx43 hemichannels with 177 

10 nM TAT-L2 during CRS (Fig. 1B, TAT-L2) prevented the development of depressive-178 

like symptoms.  179 

In a recent study, we reported that in the basolateral amygdala (BLA), the acute 180 

microinjection of TAT-L2 blocked both short-term and long-term fear memory, but not 181 

learning. This effect was prevented by the addition of glutamatergic NMDA receptor 182 

(NMDAR) co-agonists glutamate and D-serine together, but not by each individually. 183 

TAT-L2 also reduced postsynaptic NMDAR activity in BLA slices, an effect similarly 184 

prevented by a mixture of glutamate and D-serine, but not by each alone (23). Astroglial 185 

Cx43 hemichannels were also shown to regulate postsynaptic NMDAR activity in the 186 

prefrontal cortex via D-serine (24).  Given that CRS increases astroglial Cx43 187 

hemichannel activity and the Cx43 hemichannel-dependent release of glutamate (12), 188 

and since Cx43 hemichannels regulate postsynaptic NMDAR activity via the release of 189 

its co-agonists glutamate and D-serine (24), and given the critical role of NMDARs in 190 

depression and in the antidepressant effects of the NMDAR antagonist ketamine (25), 191 

we decided to test whether the chronic microinfusion of glutamate and D-serine could 192 

prevent the effects of TAT-L2. Consequently, TAT-L2 was co-injected with a combination 193 

of glutamate and D-serine, which recovered the development of depressive-like 194 

behaviors, despite the blockade of Cx43 hemichannels (Fig. 1B, TAT-L2 + glutamate + 195 

D-serine, black). The co-injection of TAT-L2 with either glutamate or D-serine individually 196 

did not prevent the effects of TAT-L2 (see Supplementary Fig. S1A).  197 

If depressive-like symptoms are induced by chronic stress via the increased 198 

release of a combination of glutamate and D-serine, then one would expect that the 199 

chronic microinfusion of both glutamate and D-serine into the ventral hippocampus, 200 
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should be sufficient to induce depressive-like symptoms in non-stressed rats. This was 201 

indeed observed (Fig. 1B, glutamate + D-serine, white). To further understand whether 202 

depressive symptoms are induced by the combination of glutamate and D-serine, or by 203 

each separately, either glutamate, D-serine or their combination was microinfused 204 

chronically into the ventral hippocampus for 10 days without stress. Unexpectedly, not 205 

only the combination of glutamate and D-serine (Fig. 1C, glutamate + D-serine, white) 206 

but also D-serine alone (Fig. 1C, D-serine, white), induced depressive-like symptoms, 207 

while glutamate alone (Fig. 1C, glutamate, white) did not.  208 

Studies have shown that astrocytes are a significant source of brain D-serine, 209 

expressing the enzyme serine racemase that converts L-serine into D-serine (26). 210 

However, neurons can also covert L-serine and release D-serine (27). Given that 211 

astrocytes mediate the transport of amino acids and glucose across the brain blood 212 

barrier and express the enzyme that converts glucose into L-serine (28), it is possible 213 

that Cx43 hemichannels mediate the astroglial release of L-serine, which could then be 214 

converted into D-serine by neurons expressing serine racemase. To assess this 215 

possibility, we repeated the previous experiment, chronically microinfusing either 216 

glutamate, L-serine or a mixture of glutamate and L-serine into the ventral hippocampus 217 

for 10 days. The logic was that if L-serine rather than D-serine is released by astrocytes, 218 

L-serine would be expected to have the same effect as D-serine, inducing depressive-219 

like symptoms. Interestingly, the microinjection of L-serine was able to induce 220 

depressive-like symptoms (Figure 1D, L-serine, white), but the combination of glutamate 221 

and L-serine did not (Figure 1C, glutamate + L-serine, white). This suggests that both D- 222 

and L-serine are released by astrocytes, but the conversion of L-serine to D-serine in 223 

neurons may be regulated by glutamate. This idea is further supported by the 224 

observation that chronic D-serine alone was not sufficient to prevent the effects of Cx43 225 

hemichannel blockade, indicating that adding glutamate is necessary when blocking 226 

Cx43 hemichannels for D-serine to counteract the effects of TAT-L2. This is consistent 227 

with previous studies suggesting that the activity of serine racemase is highly regulated 228 

and activated by glutamate through its interaction with the glutamate receptor interacting 229 

protein (29) and via AMPA receptor activation (30).  230 

The present results support the notion that chronic stress induces an increase in 231 

Cx43 hemichannel-dependent release of glutamate and D-serine (and/or L-serine). This 232 
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suggests that the chronic increase in hippocampal D-serine/L-serine is sufficient to 233 

induce depressive-like symptoms in the presence of normal glutamate levels but is 234 

insufficient to rescue depressive symptoms when Cx43 hemichannels are blocked, 235 

requiring the exogenous addition of glutamate.  236 

In conclusion, the astroglial release of glutamate and D-serine (and/or L-serine) 237 

is involved in the physiopathology of CRS-induced depression in rats. Henceforth, we 238 

continued the experiments with D-serine, but it is likely that both D- and L-serine show 239 

similar effects.   240 

Taken together, the present evidence suggests that the Cx43 hemichannel-241 

dependent release of glutamate and D-serine (whether released directly by astrocytes, 242 

produced via conversion of L-serine by neighboring neurons) could act on post-synaptic 243 

NMDARs, inducing an overactivation of hippocampal NMDARs, which has been 244 

reported in depressed patients and animal models of depression (31, 32). If this were to 245 

be true, the pharmacological overactivation of postsynaptic NMDARs in the ventral 246 

hippocampus should induce depressive like-symptoms in the absence of stress. To test 247 

this, we microinfused the NMDAR agonist NMDA into the ventral hippocampus for 10 248 

days without stress and found that the chronic activation of NMDARs with NMDA 249 

resulted in depressive-like symptoms in non-stressed animals (Figure 1E, NMDA).  250 

The osmotic pumps that were used in the present experiments released the 251 

loaded compounds continuously into the ventral hippocampus for 14 days. Since they 252 

were implanted 4 days before beginning the chronic stress protocol, the depressive-like 253 

symptoms were measured on day 14 after pump implantation, the last day of drug 254 

delivery. It may be argued that while TAT-L2 is being released, there may be 255 

antidepressant effects that recede once the peptide is not being delivered, suggesting 256 

TAT-L2 induces antidepressant effects rather than preventing depression. To assess 257 

this possibility, vehicle, TAT-L2 or TAT-L2 + glutamate and D-serine were microinfused 258 

during the 10 days of chronic stress, but the animals were tested for depressive-like 259 

symptoms (TST) on day 18, 4 days after drug release ended. As shown in Figure 1F, 260 

TAT-L2 prevented the development of depressive-like symptoms, as evidenced by no 261 

depressive-like symptoms 4 days after the end of TAT-L2 administration, while animals 262 
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microinfused with TAT-L2 + glutamate + D-serine still showed depressive-like 263 

symptoms. 264 

We then evaluated whether blocking Cx43 hemichannels could induce 265 

antidepressant effects in animals that had already undergone CRS. TAT-L2 was 266 

microinjected into the ventral hippocampus acutely, using chronically implanted 267 

cannulas, after the 10 days of CRS (see Fig. 2A for the experimental design). As shown 268 

in Figure 2B, the acute pharmacological blockade of Cx43 hemichannels induced 269 

antidepressant effects in rats that had undergone CRS, evidenced by increased 270 

immobility (Fig. 2B, TAT-L2) and decreased struggle (Supplementary Figure S1B) in 271 

the TST, an effect prevented by co-injection with glutamate and D-serine (Fig. 2B, TAT-272 

L2 + glut + D-serine; Supplementary Fig. S1B, TAT-L2 + glut + D-serine). Notably, the 273 

acute administration of glutamate and D-serine into the hippocampus induced 274 

depressive-like symptoms in non-stressed animals (Fig. 2B, Glut + D-serine).  275 

We then tested whether the combination of glutamate and L-serine could prevent 276 

the antidepressant effects of TAT-L2 and found that co-injection of TAT-L2 with 277 

glutamate and L-serine also abolished the antidepressant effects of TAT-L2 in animals 278 

that had undergone CRS (Fig. 2C, TAT-L2 + glut + L-serine). The co-injection of TAT-L2 279 

with glutamate, D-serine or L-serine individually did not prevent the effects of TAT-L2 280 

(see Supplementary Fig. S1C). Additionally, TAT-L2 had no effects on immobility when 281 

microinjected into the ventral hippocampus of control non-stressed rats (Supplementary 282 

Fig. S1D). 283 

To ensure that the antidepressant effects of Cx43 hemichannel blockade were 284 

not dependent on the test used to measure depressive-like symptoms, the previous 285 

experiment with CRS was repeated, now using the forced swim test (FST). As shown in 286 

Figures 2D and 2E, TAT-L2 induced antidepressant effects as measured in the FST, an 287 

effect again prevented by the co-injection of TAT-L2 with a combination of glutamate and 288 

D-serine (Fig. 2D, TAT-L2 + glutamate + D-serine) and with glutamate and L-serine 289 

(Fig. 2E, TAT-L2 + glutamate + L-serine). Similarly to what was observed with the TST, 290 

the co-injection of TAT-L2 with either D-serine or L-serine prevented the effects of TAT-291 

L2, but not glutamate alone (see Supplementary Fig. S1E).  292 
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To confirm that the antidepressant effects obtained by Cx43 hemichannel 293 

blockade and their prevention with glutamate and D-serine are general principles 294 

applicable to other rodent depression models, TAT-L2 was microinjected into the ventral 295 

hippocampus after CUMS, alone or together with glutamate and D-serine. As shown in 296 

Figure 2F, CUMS induced a significant increase in immobility in the TST, consistent with 297 

depressive-like behavior, which was significantly reduced by intra-hippocampal TAT-L2, 298 

an effect again prevented by co-injection with glutamate and D-serine (Figure 2F).  299 

 To corroborate that chronic stress induces an increase in astroglial Cx43 300 

hemichannel activity, Etd+ uptake was measured in rat hippocampal slices the day after 301 

10 days of CRS, and the incubation media was analyzed for extracellular glutamate. As 302 

shown in Figure 2G-H, CRS (Veh, black bar) induced a large increase in Etd+ uptake in 303 

GFAP-labelled astrocytes compared to controls (without stress, Veh, white bar). This 304 

effect was also observed when analyzing the percentage of GFAP+/Etd+ cells 305 

(Supplementary Fig. S1F). The percentage of GFAP+ cells showing Etd+ uptake 306 

increased from 11.93% ± 0.99 (non-stressed) to 31.00% ± 2.08 (stressed, p˂0.001). This 307 

increase was prevented by preincubation with TAT-L2, which decreased uptake to 308 

10.00% ± 0.58 (p˂0.001). These results indicate that CRS increases both Etd+ uptake 309 

per astrocyte and the percentage of astrocytes showing uptake. Preincubation with TAT-310 

L2 prevented these increases, demonstrating that the uptake was mediated by Cx43 311 

hemichannels.  312 

As can be seen in the Supplementary Table 1, in the case of non GFAP-labeled 313 

cells, which could potentially include non GFAP+ astrocytes, neurons, microglia, 314 

oligodendrocytes and mast cells, basal uptake under no stress was observed in 17%± 315 

2.39% of the cells, which was increased to 36%± 2.31% after CRS. However, uptake in 316 

non GFAP-labeled cells was unaffected by Cx43 hemichannel blockade with TAT-L2, 317 

rendering 31.33%± 1.86% of the non-GFAP labeled cells with uptake. This is consistent 318 

with the lack of Cx43 hemichannels in other brain cells under physiological conditions 319 

and suggests that the uptake was not mediated by Cx43 hemichannels, ruling out non-320 

GFAP+ astrocytes. In conclusion, the number of astrocytes (GFAP-labeled cells) that 321 

showed increased Cx43 hemichannel activity tripled after CRS, while other non-Cx43 322 

expressing cell types (likely neurons) also showed an increase in uptake, which was not 323 

mediated by Cx43 hemichannels, as it was unaffected by TAT-L2, likely mediated by 324 
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Cx36 hemichannels, panx1 pannexons or other large pore channels expressed in other 325 

brain cell types.  Analysis of the culture media from hippocampal slices after CRS 326 

showed a significant increase in extracellular glutamate (Fig. 2I, Veh, black bar), which 327 

was prevented by preincubation with TAT-L2 (Fig. 2I, TAT-L2, black bar).  328 

The next step we took was to corroborate that TAT-L2 reduced postsynaptic 329 

NMDAR activity in the ventral hippocampus by decreasing glutamate and D-serine, as 330 

described previously for the BLA (23). Consequently, rat ventral hippocampal slices 331 

were incubated with TAT-L2, and NMDAR activity was analyzed by electrophysiological 332 

recordings in conditions that enhanced NMDAR-dependent currents, including blocking 333 

GABAergic activity, AMPARs and no Mg2+. Incubation with TAT-L2 induced a decrease 334 

in NMDAR-mediated postsynaptic field potentials (fEPSP; see Fig. 3A for fEPSP traces 335 

and Fig. 3B for fEPSP amplitude), which was prevented by the addition of a 336 

combination of glutamate and D-serine. Notably, unlike BLA slices where the addition of 337 

glutamate and D-serine alone had minimal effects on TAT-L2-induced reduction in 338 

NMDAR activity (23), in the ventral hippocampus, both had a more pronounced effect 339 

when added individually (Supplementary Fig. S2A-B), suggesting that the 340 

hippocampus may be less dependent on astroglial glutamate and D-serine than the BLA. 341 

The fEPSP response amplitude was completely blocked by NMDAR antagonist APV, 342 

demonstrating that NMDAR activity was being recorded (Supplementary Fig. S2A-B).       343 

Previous studies have shown that TAT-L2 does not directly affect neuronal 344 

synapses as measured by glutamate and ATP release from neuronal primary cultures, 345 

gap junction-mediated inter-astrocyte communication (13, 22) or NMDAR activity in 346 

primary neuronal cultures without astrocytes (23). However, to further demonstrate that 347 

the effect of the TAT-L2 peptide is mediated by the blockade of astroglial Cx43 348 

hemichannels and not by a direct effect on NMDARs, mature hippocampal primary 349 

cultures were incubated with TAT-L2 in the presence or absence of NMDAR agonist 350 

NMDA. As shown in Figure 3C-D, TAT-L2 had no effect on NMDAR activity or on 351 

NMDAR responses to NMDA as assessed by the Fluo-3/Fura Red fluorescence ratio in 352 

primary hippocampal neurons devoid of astrocytes, ruling out direct effects of the 353 

peptide on NMDARs and suggesting that the presence of astrocytes is necessary for the 354 

TAT-L2 to affect NMDAR activity.  355 
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If blockade of Cx43 hemichannels in the hippocampus induces antidepressant 356 

effects, targeting astroglial Cx43 hemichannels could be a potential strategy for 357 

developing antidepressants. However, TAT-L2, being a peptide, has a short half-life and 358 

is not optimal for clinical applications. Therefore, we set out to identify small molecules 359 

that could block Cx43 hemichannel activity and potentially have antidepressant effects 360 

when administered systemically. Hence, we analyzed the region of the Cx43 C-terminal 361 

domain that could putatively comprise the binding site of the TAT-L2 peptide to Cx43. 362 

Previous studies using site mutations (33) have suggested that TAT-L2 (in its shorter 363 

version, GAP19) binds to the C-terminal (CT) of Cx43, which is involved in the 364 

hemichannel closure at a low pH (34) resembling the “ball-and-chain” gating mechanism 365 

proposed for voltage-gated sodium channels (35). To confirm binding between the Cx43 366 

CT and the TAT-L2 peptide, a surface plasmon resonance assay was performed 367 

between a synthetic Cx43 CT and the TAT-L2 peptide. We found a strong interaction 368 

between TAT-L2 and the CT (see Supplementary Fig. S2C), with a binding KD of 1.28 369 

± 0.06 µM. Hence, molecular docking was performed between the crystalized structure 370 

of the Cx43 CT (PDB id: 1R5S) and GAP19 (amino acid sequence KQIEIKKFK), which 371 

is the minimal sequence from TAT-L2 lacking the TAT motif, capable of blocking Cx43 372 

hemichannels without affecting Cx43 gap junctional communication (13). The interaction 373 

between GAP19 and the CT was modeled via molecular dynamics simulations.  374 

To determine the most probable binding site of GAP19 to the CT, three 375 

exploratory docking simulations were performed using different grid sizes with the 376 

AutoDockVina program (36). The grid that showed the most favorable binding energy for 377 

Gap19/CT complex formation (-5.9 kcal/mol) was selected. Then, a molecular dynamics 378 

simulation was performed for the peptide/CT complex to obtain a more stable CT 379 

structure. Analysis of the binding site and chemical properties of the CT revealed that 380 

the putative interaction between GAP19 and the CT domain was mainly electrostatic 381 

(Fig. 3E). At the end of the simulation, the electrostatic component became more 382 

negative, giving a stable conformation for the peptide/CT complex (Fig. 3F). This 383 

suggests that the four positive and one negative charges of lysine and glutamic acid of 384 

the peptide could be in contact with charged, polar, and hydrophobic residues of the 385 

Cx43 CT domain. All relevant residues in the CT were stable during the simulation. The 386 

amino acids of the CT domain that make up the putative binding site correspond to 387 
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K258, N269, Q304, A305, S306, E307, Q308, W310, D339, N341, A344, K345, A348, 388 

H351, E352, Q354, I358, V359, D360, which would share hydrogen bonds with residues 389 

of GAP19, as shown in Fig. 3F.  390 

Based on these amino acids, a region of interest (grid) was set within the CT 391 

domain sequence, which included the amino acids putatively required for the interaction, 392 

and a structure-based virtual screening using the ZINC database (37, 38) was 393 

performed.  This involved analyzing the possible binding of 2,063,314 compounds 394 

obtained from diverse small molecule libraries to the region of interest within the Cx43 395 

CT. Two criteria were applied sequentially to filter the resulting compounds obtained by 396 

AutoDockVina. First, the 1,000 top-ranked compounds with the highest theoretical 397 

binding energy (lowest binding core) for the Cx43 CT domain were selected. Then, two 398 

different drug-likeness criteria were applied to exclude unsuitable compounds: logP (pH 399 

= 7.0) < 5.0 (to increase their probability of crossing the blood-brain barrier and cell 400 

membranes) and low free energy, calculated based on predicted ADMET properties 401 

obtained using the Qikprop program. Finally, the violation number of Lipinski’s rule of 402 

five (39) was used as a final filter to obtain small molecules that met drug-like criteria. All 403 

the compounds that did not meet any of the above criteria were removed from the final 404 

list, and the remaining candidates were used to run a final molecular docking against the 405 

Cx43 CT. 406 

Several of the candidate compounds were obtained and tested in vitro using 407 

DAPI uptake in HeLa cells transfected with the Cx43 gene to assess their Cx43 408 

hemichannel blocking effects, and in HeLa cells transfected with the Cx30 gene, the 409 

second most expressed Cx in astrocytes (40), to assess their specificity. The screening 410 

assay was conducted with three different concentrations (0.1µM, 10µM, and 100 µM) of 411 

each compound, using TAT-L2 as control to ensure that the tracer uptake was 412 

exclusively via Cx43 hemichannels. Among the screened compounds, cacotheline 413 

(ZINC26730911; 2,3-Dihydro-4-nitro-2,3-dixo-9,10-secostrychnidin-10-oic acid) 414 

demonstrated a similar pattern of potentially forming two hydrogen bonds with the 415 

residues Q308 and N312 of the Cx43 CT domain, and a strong electrostatic interaction 416 

with E307, confirming the accurate selection of the putative binding site (Fig. 4A). This 417 

interaction was empirically corroborated by surface plasmon resonance analysis with an 418 

immobilized synthetic Cx43 CT, showing that cacotheline binds to the CT with a KD of 419 
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44 ± 14 µM (Supplementary Fig. S2D). Cacotheline shows a theoretical affinity for the 420 

Cx43 CT domain of -8.3, and a LogP of -2.88. 421 

To evaluate the effects of the compounds on Cx hemichannel activity, tracer 422 

uptake assays were employed. Tracers like DAPI or Etd+ can only enter living cells 423 

through non-selective large pore channels like Cx hemichannels. Cacotheline did not 424 

affect Cx43 hemichannel activity under normal calcium conditions, where hemichannels 425 

have a low open probability, suggesting that cacotheline does not induce hemichannel 426 

opening (see Fig. 4B for 0.1 μM and Supplementary Fig. S3A for 1 μM). However, 427 

cacotheline completely blocked hemichannel-mediated uptake in HeLa cells transfected 428 

with Cx43 when incubated in a bivalent cation (calcium)-free medium, which increases 429 

hemichannel activity (41), preventing dye uptake, while having no effects on Cx30 430 

hemichannels (Fig. 4C). For 1 µM of cacotheline see Figure S3B. The IC50 of 431 

cacotheline was estimated at 0.488 ± 0.027 μM in Cx43 expressing HeLa cells (Fig. 4D).  432 

To determine the effects of cacotheline on the target cells —astrocytes—, a 433 

rodent astroglial cell line (DI TNC1) known to express connexin 43 (42) and release 434 

glutamate through Cx43 hemichannels (16) was used. Astrocytes were incubated with 435 

DAPI (10 µM) after incubation with 0.1 µM and 1 µM cacotheline, either in the absence 436 

or presence of calcium in the medium. As with transfected HeLa cells, astrocytes 437 

showed with very little uptake under normal calcium conditions, and neither TAT-L2 nor 438 

cacotheline had any effects on uptake (Fig. 4E). However, astrocytes showed a large 439 

increase in dye uptake when incubated in calcium-free conditions and both 10nM TAT-440 

L2 and 0.1μM cacotheline prevented uptake, demonstrating that they induced similar 441 

blocking effects on Cx43 hemichannels (Fig. 4F). Cacotheline at 1 µM also had no 442 

effects on DAPI uptake when cells were incubated in normal calcium (Supplementary 443 

Fig. S3C), but blunted dye uptake in astroglia incubated in calcium-free conditions 444 

(Supplementary Fig. S3D). A dose-response curve showed that cacotheline had an 445 

IC50 of 59.62 ± 6.42 nM in DI NCT1 astrocytes (Fig. 4G). The blocking effects of 446 

cacotheline on Cx43 hemichannels were corroborated directly on Cx43 hemichannel 447 

conductance by patch clamp electrophysiological recordings of single Cx43 transfected 448 

HeLa cells (Supplementary Fig. S3E). 449 
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Cacotheline is an alkaloid nitro derivative of brucine, from the strychnine family (t. 450 

E. Merck Index, 1604), previously used as a redox indicator in titrations that involve tin 451 

ions (Sn2+ ) (43). However, no biological activity has been previously reported. It contains 452 

an indole ring, one carboxylic acid, and donor/acceptor groups such as the N group, 453 

potentially involved in binding to the Cx43 CT. Considering its alkaloidal nature, a cell 454 

viability assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, MTT) was 455 

performed at different concentrations, from 0.1 μM to 100 mM at variable times (0 to 96 456 

hours). Cacotheline showed low cellular toxicity at concentrations under 0.5 mM 457 

(Supplementary Fig. S3F). Neither cacotheline nor, -as previously reported TAT-L2 458 

(19), effected gap junction-mediated inter-astrocyte communication, as measured by the 459 

scrap & load technique in rat primary cortical astrocytes (Supplementary Fig. S4A). 460 

To ensure that the effects of TAT-L2 were not specific to the ventral 461 

hippocampus, dorsal hippocampal slices were incubated with 50 nM TAT-L2 with or 462 

without glutamate (10 µM) and D-serine (10 µM), and post synaptic NMDAR activity was 463 

recorded. As with the ventral hippocampus, TAT-L2 induced a decrease in evoked 464 

NMDAR activity which was prevented by glutamate and D-serine (Supplementary 465 

Figure S4), as can be observed in slopes of input/output curves (Supplementary 466 

Figure S4B). Interestingly, when hippocampal slices were incubated with two different 467 

concentrations of TAT-L2 (30 nM and 50 nM) and stimulated with increased stimulus 468 

intensity, the reductions in fEPSPs, though were greater with higher TAT-L2 dosage, 469 

reached an asymptote around 40% (see Supplementary Figure S2C for fEPSP single 470 

traces and Figure S2D for slopes of input/output curves). This suggests that TAT-L2 471 

decreases NMDAR activity, but it is likely unable to completely block it.  472 

To confirm that cacotheline has the same effects on NMDAR-mediated activity as 473 

the TAT-L2 peptide, dorsal hippocampal slices were incubated with 1 µM cacotheline 474 

with or without glutamate (10 µM) and D-serine (10 µM), using a similar preparation as 475 

for testing TAT-L2. Cacotheline (Figure 5A) induced a decrease in NMDAR-mediated 476 

postsynaptic fEPSPs that was very similar to the one found after TAT-L2 incubation in 477 

both ventral and dorsal hippocampi. This effect was also partially prevented by the 478 

addition of glutamate and D-serine and abolished by their combination, as can be 479 

observed in single traces (Fig. 5A, left) and fEPSP slopes of input/output curves (Fig. 480 

5A, right). 481 
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To evaluate the potential antidepressant effects of cacotheline, rats subjected to 482 

10 days of CRS were administered cacotheline intraperitoneally at 120 mg/kg one day 483 

after CRS and tested 30 minutes later in both the TST and FST. Cacotheline induced 484 

significant antidepressant effects, reflected by a reduction in immobility time in both the 485 

FST (Fig. 5B) and the TST (Fig. 5C). The antidepressant effect was comparable to that 486 

of a sub-sedative dose of intraperitoneal ketamine (Fig. 5D) and to 21 days of oral 487 

fluoxetine (Fig. 5E). To exclude the possibility that cacotheline could be inducing 488 

sedative effects or affect locomotion, injected animals were tested in an open field, 489 

which revealed a non-significant tendency for increased locomotion (Fig. 5F), ruling out 490 

possible sedative effects. 491 

To confirm that the antidepressant effects induced by cacotheline were mediated 492 

by blocking chronic stress-induced increases in astroglial Cx43 hemichannel activity and 493 

glutamate release in the ventral hippocampus, Cx43 hemichannel activity was measured 494 

using Etd+ uptake in rat hippocampal slices from animals subjected to CRS for 10 days 495 

and administered 120 mg/kg cacotheline i.p. the next day. CRS induced a significant 496 

increase in Etd+ uptake in hippocampal GFAP-labeled astrocytes (Veh, black) compared 497 

to control animals (Veh, white bar), which was completely blunted by cacotheline 498 

administration (Fig. 5G-H). This effect was similar to that obtained with TAT-L2 499 

preincubation in slices from stressed animals (TAT-L2, black bar), indicating that 500 

cacotheline prevents CRS-induced increases in astroglial Cx43 hemichannel activity. 501 

Furthermore, analysis of the culture medium of the hippocampal slices showed that CRS 502 

induced a significant increase in extracellular glutamate (Fig. 5I, Veh, black bar), which 503 

was prevented by cacotheline administration (Fig. 5I, Caco, red bar) to levels similar to 504 

TAT-L2 preincubation in slices from stressed animals. Consequently, the i.p. 505 

administration of cacotheline induces rapid antidepressant effects by decreasing 506 

astroglial Cx43 hemichannel-dependent gliotransmission, preventing extracellular 507 

glutamate accumulation, and reducing postsynaptic NMDAR activity in the hippocampus.  508 

To determine whether the antidepressant effects of a single acute dose of 120 509 

mg/kg cacotheline were still present 7 days afterwards, rats subjected to CRS were 510 

administered cacotheline the next day and tested on the TST on day 18, 7 days after the 511 

last stress session. As shown in Supplementary Figure S5A, both vehicle- and 512 

cacotheline-treated rats exhibited depressive-like behavior on day 18, suggesting that 513 
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unlike the chronic administration of TAT-L2 during chronic stress, which prevented the 514 

development of depressive-like behavior, the antidepressant effects of an acute dose of 515 

cacotheline did not last 7 days. 516 

To evaluate general organ function after administration of 120 mg/kg cacotheline 517 

i.p., blood samples were taken from rats 24 hours after administration, and the plasma 518 

levels of organ function markers were analyzed. Acute cacotheline treatment had no 519 

effects on markers of renal function (BUN, creatinine, uric acid, calcium), hepatic 520 

function (total bilirubin, transaminases [ALT, AST, GGT], phosphatases [ALP], albumin 521 

and total serum proteins), and glycemia (see Supplementary Fig. S5B-E). To assess 522 

potential long-term toxicity, cacotheline was administered via an osmotic pump 523 

implanted subcutaneously for 28 days, continuously releasing 22.5 µg throughout the 524 

experiment in rats previously subjected to chronic stress or non-stressed. No animal 525 

mortality occurred during the 28 days of subcutaneous administration. 526 

All data averages, SE, statistical results, and p-values ordered by figure can be 527 

found in Supplementary Table 1. 528 

 529 

Discussion  530 

 531 

The present study demonstrates for the first time that depression induced by 532 

CRS and CUMS is caused by increased activation of astroglial Cx43 hemichannels and 533 

release of gliotransmitters, including glutamate and L/D serine. These gliotransmitters 534 

increase postsynaptic NMDAR activity, which can be prevented by hippocampal 535 

blockade of Cx43 hemichannel-mediated gliotransmission during chronic stress. 536 

Consistently, chronic intra-hippocampal administration of a combination of D-serine, 537 

glutamate and L-serine, and NMDAR agonist NMDA, induced depressive-like symptoms 538 

in non-stressed rats. These findings highlight the critical role for astroglial 539 

gliotransmission and its regulation of postsynaptic NMDARs in the pathophysiology of 540 

depression, based on two major rodent models of depression.  541 

Additionally, we identified a small molecule, cacotheline, which blocks Cx43 542 

hemichannels and, when administered subcutaneously, produces rapid antidepressant 543 

effects by preventing increased Cx43 hemichannel activity and glutamate buildup in the 544 

ventral hippocampus. Hence, cacotheline could serve as a starting point for the 545 
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development of novel antidepressants targeting gliotransmission. This finding aligns with 546 

previous research showing that oral administration of a novel Cx43 hemichannel blocker, 547 

D4, has anxiolytic and antidepressant effects, as assessed using the open field test, 548 

TST, FST, and SPT to measure anhedonia (20). Hence, the present study contributes to 549 

the understanding of the mechanisms by which D4 induced antidepressant effects. 550 

The evidence presented here of a critical role for astroglial Cx43 hemichannel-551 

mediated gliotransmission in depression is consistent with previous studies showing 552 

increased Cx43 astroglial hemichannel activity in animal models of depression (12) and 553 

in depressed patients (44), which may be reduced by antidepressants both in vivo (17) 554 

and in vitro (19). This increase in Cx43 hemichannel-mediated gliotransmission after 555 

CRS is associated with increased Cx43 hemichannel activity in ventral hippocampal 556 

astrocytes rather than an increase in Cx43 protein expression (12). Notably, a previous 557 

study reported that Cx43 phosphorylation levels correlated with depression and were 558 

reduced by antidepressant treatment  (17). Future studies should determine whether this 559 

increase in Cx43 phosphorylation also occurs after CRS and CUMS, and how different 560 

Cx43 phosphorylation levels may modify Cx43 hemichannel-mediated gliotransmission.      561 

Hippocampal Cx43 hemichannel blockade induced antidepressant effects and a 562 

reduction of hippocampal NMDAR-mediated currents, both of which were prevented by 563 

the addition of glutamate and D-serine. This suggests that the antidepressant effects of 564 

Cx43 hemichannel blockade were mediated by a reduction of postsynaptic NMDAR 565 

activity. Cx43 hemichannel blockade did not directly affect NMDARs in primary 566 

hippocampal neuronal cultures, suggesting that TAT-L2 effects are mediated by 567 

astrocytes rather than a direct effect on neuronal NMDARs. Hippocampal NMDAR 568 

activity is central in the pathophysiology of depression (45) and underpins the use of the 569 

NMDAR antagonist ketamine/esketamine at sub-sedative doses as a fast-acting 570 

antidepressant (46, 47). The fact that both TAT-L2 peptide and cacotheline, shown to 571 

block astroglial Cx43 hemichannel activity, reduce postsynaptic NMDAR activity in 572 

hippocampal slices attests to the relevance of astroglial Cx43 hemichannels in regulating 573 

NMDAR activity in postsynaptic neurons, previously shown in the BLA (23) and 574 

prefrontal cortex (24). Moreover, the finding that chronic infusion of glutamate + D-serine 575 

or the NMDAR agonist NMDA into the ventral hippocampus induce depressive-like 576 

symptoms in non-stressed animals supports a model where chronic stress increases 577 
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astroglial Cx43 hemichannel-dependent release of glutamate and D-serine (and/or L-578 

serine) in the hippocampus, which over-activates postsynaptic NMDARs, leading to 579 

depressive-like symptoms in rats. 580 

An intriguing result from our study pertains to the plateau in NMDAR activity 581 

reduction after a TAT-L2 incubation in hippocampal slices. TAT-L2-induced inhibition of 582 

postsynaptic NMDAR activity plateaued at a ⁓60% reduction irrespective of the dose of 583 

TAT-L2 applied. This can be understood  through at least two alternative explanations; 584 

first, astrocytes have other gliotransmitter release mechanisms besides Cx43 585 

hemichannels, as astroglial D-serine can be released via large vesicles (48) and 586 

exocytosis (49, 50). Thus, residual D-serine may be released through these 587 

mechanisms. Second, D-serine is also released by neurons (51, 52). The plateau 588 

obtained after TAT-L2 application is particularly relevant, as it could explain why Cx43 589 

hemichannel blockade does not induce sedative effects or show high toxicity, as it 590 

reduces but does not completely disrupt postsynaptic NMDAR activity, unlike ketamine 591 

and other NMDAR antagonists. The partial reduction in NMDAR activity by hemichannel 592 

blockade may explain its lack of toxicity, as it may not sufficiently decrease NMDAR 593 

activity to induce ketamine-associated side effects. Furthermore, astrocytes also express 594 

NMDARs (reviewed in (53)), suggesting that ketamine could potentially affect astroglial 595 

activity and astroglial networks.  596 

It is important to note that in the intra-hippocampal chronic administration during 597 

CRS of L-serine alone prevented the effects of TAT-L2 and induced depressive-like 598 

symptoms in non-stressed animals, effects were not obtained when L-serine was co-599 

injected with glutamate. These results could be explained by regulation of the conversion 600 

of L-serine to D-serine in neurons by glutamate, as previous studies have reported that 601 

the activity of serine racemase is activated by glutamate through its interaction with the 602 

glutamate receptor interacting protein (29) and via AMPA receptor (AMPAR) activation 603 

(30). Interestingly, when L-serine and glutamate were microinjected into the 604 

hippocampus after chronic stress, they were able to prevent the antidepressant effects 605 

of TAT-L2 in already depressed animals. Arguably, this difference might be due to the 606 

tight regulation of L-serine conversion to D-serine by glutamate under physiological 607 

conditions, which could be lost under chronic stress conditions. A similar example can 608 

be found with the dopamine precursor L-Dopa. Administration of L-Dopa in healthy 609 
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subjects does not induce involuntary motor effects known as dyskinesias (54), which 610 

increasingly appear as the disease progresses in patients suffering from Parkinson´s 611 

Disease. This supports the idea that in physiological conditions, the production and/or 612 

release of neurotransmitters from precursors is tightly regulated, but under pathological 613 

conditions, neurotransmitter levels increase proportionally to precursor levels, possibly 614 

due to dysregulation. More research will be required to assess this possibility. 615 

Ample evidence suggests a connection between depression, chronic stress and 616 

elevated extracellular glutamate levels in the hippocampus (12, 31). This excess in 617 

extracellular glutamate is believed to be responsible for the increased neuronal NMDAR 618 

activity found after chronic stress and in depressive patients (31, 32). However, reduced 619 

AMPAR mediated glutamatergic transmission has also been consistently reported, 620 

associated with reduced hippocampal volume (reviewed in (55)). Increased NMDAR 621 

activity is known to decrease the expression, trafficking and activity of AMPARs (56, 57). 622 

Hence, paradoxically, this heightened NMDAR activity is closely associated with 623 

decreased AMPAR-mediated glutamatergic transmission. Furthermore, astroglial Cx43 624 

hemichannel-dependent increases in extracellular ATP have also been reported after 625 

CRS (12), and astroglial ATP has also been shown to downregulate AMPAR trafficking 626 

(58) and modulate postsynaptic NMDAR activity (59). Hence, increased ATP release 627 

from astrocytes could also contribute to the decrease in AMPAR-dependent 628 

glutamatergic transmission (reviewed in (57)). We propose that increased NMDAR and 629 

decreased AMPAR transmission may primarily stem from augmented gliotransmission.  630 

CRS triggers an increase in Cx43 hemichannel-dependent extracellular 631 

glutamate and ATP, which can be completely blocked by TAT-L2, as seen here for 632 

glutamate and as reported previously for both (12). A similar complete reduction of 633 

extracellular glutamate was also found after Cx43 hemichannel blockade in the BLA 634 

(23). These studies are consistent with studies showing that presynaptic glutamate 635 

release is dependent on astroglial Cx43 hemichannel-dependent release of glutamate 636 

precursor glutamine (60, 61), while other reports have shown that astroglial ATP, 637 

adenosine, endocannabinoids and glutamate, also regulate presynaptic glutamate 638 

release probability and vesicle pool (62–67). Hence, presynaptic glutamate release 639 

would be expected to be reduced after astroglial gliotransmission blockade and 640 

augmented after CRS-induced increases in gliotransmission. 641 
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Another critical aspect to discuss is the potential role of chronic stress-induced 642 

increase in Cx43 hemichannel activity in hippocampal excitatory/inhibitory balance. 643 

Many studies have reported both increased glutamate levels (12, 31) and decreased 644 

GABA levels (68–70) in patients with major depression and in rodent models of 645 

depression. A recent meta-analysis found both increased glutamatergic and decreased 646 

GABAergic signaling post-mortem in many brain regions of depressed patients, including 647 

the hippocampus (71). Astrocytes can release GABA (72), but in the hippocampus, the 648 

contribution of astroglial GABA to glutamatergic inhibition has been reported as low (73). 649 

In the prefrontal cortex, astroglial GABA has been associated with the development of 650 

depressive-like behaviors in the Flinders rat model of depression (74). Additionally, 651 

astrocytes participate in GABA uptake via transporters GAD1, VGAT and GAT3, which 652 

may be reduced after chronic stress (75), and in glutamate uptake, which has been 653 

shown to be reduced in different rodent models of depression (76). Both transporters are 654 

sensitive to astroglial ATP (77, 78).  655 

Although it was not studied here, increased extracellular ATP also contributes to 656 

the development of depressive-like symptoms in rodent models of depression (e.g. (79, 657 

80)). Astroglial ATP is released via Cx43 hemichannels within the hippocampus 658 

(Reviewed in (1, 81)), release that is augmented after CRS (12). Astroglial ATP 659 

decreases the activity of pyramidal neurons (82) and activates the inflammasome, 660 

leading to the release of cytokines IL-1β and TNF-α, which are involved in depression-661 

associated neuroinflammation (79, 83). Furthermore, ATP released from hippocampal 662 

astrocytes increases the activity of interneurons (82, 84) via activation of P2Y receptors 663 

(85, 86). Subsequently, ATP is converted into adenosine, which can activate A1 or A2A 664 

receptors to decrease or increase excitatory synaptic transmission (62, 87, 88). 665 

However, adenosine activation of A1 receptors in CCK-positive (82) and SST-positive 666 

interneurons (84), leads to further inhibition of pyramidal neurons, inhibition that is 667 

reduced by ketamine (89) and chronic administration of antidepressants (90, 91), 668 

resulting in AMPAR-mediated synaptic potentiation (92, 93), but see (94). In 669 

consequence, although the role of ATP was not studied in the present report, it is likely 670 

that ATP acts in concert with glutamate and D-serine and is critical for the maintenance 671 

hippocampal excitatory/inhibitory balance. The future investigation of the role of 672 
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astroglial Cx43 hemichannel-mediated ATP release and its conversion into adenosine in 673 

depression is warranted. 674 

Based on the above evidence, increased gliotransmitter release mediated by 675 

Cx43 hemichannels is likely to have a key role in regulating excitatory/inhibitory balance 676 

in the hippocampus. However, its exact role cannot be predicted from the present data. 677 

Studies measuring other gliotransmitters released via Cx43 hemichannels during chronic 678 

stress, such as ATP and GABA, and how they may affect neuronal activity, GABA and 679 

glutamate uptake, are necessary to get a broader understanding of how 680 

excitatory/inhibitory balance is affected by increased Cx43 activity in hippocampal 681 

astrocytes under the context of depression.  682 

Another point worth noting is that our results suggest that during chronic stress, 683 

Cx43 hemichannel-mediated gliotransmission is critical for the development of 684 

depressive symptoms. This raises the question of why other mechanisms for 685 

gliotransmitter release (e.g., exocytosis) do not compensate for Cx43 hemichannel 686 

blockade. This is significant, as Cx43 hemichannel opening is tightly controlled under 687 

physiological conditions, not only allowing the release of gliotransmitters but also 688 

inducing the influx of calcium. Given that intracellular calcium is critical for most 689 

gliotransmitter release mechanisms (reviewed in (95)), it is likely that Cx43 hemichannel 690 

opening may not only mediate gliotransmitter release but also allow extracellular calcium 691 

to enter and trigger localized release of gliotransmitters through other calcium-692 

dependent release mechanisms (96). Thus, Cx43 hemichannel opening may be an 693 

upstream step that triggers localized gliotransmitter release from astrocytes. This could 694 

explain why the astroglial release of glutamate, ATP in response to stress (12) or GABA 695 

(16) is completely blunted by Cx43 hemichannel blockade in the hippocampus, despite 696 

the existence of other gliotransmitter release mechanisms. 697 

As we show in silico and in vitro using surface plasmon resonance, both TAT-L2 698 

and cacotheline bind to the C-terminal tail with high affinity. Previous studies using site-699 

directed mutations have suggested that the Cx43-CT domain participates in an 700 

intracellular gating mechanism in hemichannels by interacting with the cytoplasmatic 701 

loop (33). Hence, by mimicking the interaction between the CT and the cytoplasmatic 702 

loop of Cx43, TAT-L2 (and probably cacotheline) may trigger the closure of the pore 703 
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from the cytoplasmatic side, allowing Cx43 gap junction channels to remain active (97) 704 

while making hemichannels resistant to activation (33, 98).  705 

The present study demonstrates for the first time that astroglial Cx43 706 

hemichannels are critically involved in the pathophysiology of chronic stress-induced 707 

depression. Given that increased Cx43 hemichannel activity has been reported in 708 

depressive patients, it is likely that these channels play a similar role in Major 709 

Depression. We also show that targeting astroglial Cx43 hemichannels could lead to the 710 

development of antidepressants and possibly even prevent the onset of depression. 711 

Given that NMDARs contribute to a wide range of neurological diseases (99), targeting 712 

astrocytes could not only aid in the development of antidepressants but also novel drugs 713 

to treat diseases associated with NMDAR dysfunction. In conclusion, the present study 714 

suggests that increased Cx43 hemichannel-mediated gliotransmission in the ventral 715 

hippocampus could be critical for the development of depression and a novel target for 716 

its treatment and prevention. 717 

 718 

719 
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Materials and Methods 720 

 721 

A detailed explanation of the methods can be found in Supplementary materials. All 722 

procedures involving animals were performed in accordance with NIH guidelines and 723 

with the approval of the Universidad Andrés Bello Bioethical Committee (Acta 030 – 724 

2015). Sprague-Dawley rats (approximately 60 days old, ⁓250 g) were caged 725 

individually at 22°C and with a 12/12 h light/dark cycle. For acute microinjections, 726 

bilateral 21G stainless steel cannulas were implanted stereotaxically  (52) aimed at the 727 

ventral hippocampus. After recovery, a 25G injection cannula was inserted into the guide 728 

cannula and drugs (0.5 µl) were infused bilaterally at a rate of 0.25 µl/min. For chronic 729 

microinfusions, 30G bilateral cannulas were implanted into the ventral hippocampus, 730 

connected to a subcutaneously implanted 200μl osmotic pump (0.5 μl/hr for 14 days). 731 

The following drugs were used: TAT-Cx43L2 (YGRKK RRQRRRKQIEIKKFK) at 10 nM, 732 

glutamate (100 mM) L-serine (200 nM), D-serine (200 nM), cacotheline (1 µΜ) and 733 

NMDA (2.71 mM). To evaluate systemic antidepressant effects, cacotheline (120 mg/kg) 734 

and ketamine (5.45 g/kg) (50) were administered intraperitoneally. Behavioral tests were 735 

performed 30 min after compound administration. Fluoxetine (0.7 mg/kg) was 736 

administered in 20 ml drinking water daily for 21 days. To induce depressive-like 737 

symptoms, rats underwent either CRS for 2 h per day for 10 consecutive days, or 738 

Chronic Unpredictable Mild Stress (CUMS), as previously described (100) for 28 days. 739 

Depressive-like behavior was measured using the Tail suspension test (TST) and the 740 

Forced swim test (FST), 1 or 4 days after the end of the 10 days of CRS (days 14 and 741 

18 from implantation), or the day after 28 days of CUMS (day 29). Immobility time and 742 

time spent were analyzed. At the end of the experiments, rats were perfused 743 

intracardially, fixed with 4% PFA, brains were sectioned, and Nissl stained for cannula 744 

placement and assessment of histological lesions (tissue damage or gliosis). Rats with 745 

histological lesions were excluded from analysis. All behavioral experiments were 746 

performed blinded to the experimenter. For hippocampal slice electrophysiology 747 

recordings of post synaptic NMDARs (23), transverse slices (400 µm) were obtained 748 

from both the ventral and dorsal hippocampi. For recording, the slices were incubated 749 

with 10 µM picrotoxin (PTX) to suppress inhibitory GABAA transmission, 20 µM NBQX to 750 

block AMPAR-dependent activity, and no Mg2+ to unblock NMDAR currents. Recording 751 

electrodes were placed in CA1 and to evoke fEPSPs, fibers in the Stratum Radiatum 752 
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were stimulated. Recordings were filtered at 2.0-3.0 kHz and sampled at 4.0 kHz. Basal 753 

excitatory synaptic transmission was measured using an input/output curve (8 stimuli 754 

between 200-900 μA, 10s interval). TAT-Cx43L2 (50 nM) or cacotheline (1 µΜ), with or 755 

without glutamate (10 µM) and D-serine (10 µM), were added to the ACSF in the 756 

recording chamber. At the end of the recordings, 20µM of the NMDAR antagonist APV 757 

was used to corroborate NMDAR currents. 758 

The potential interactions between the Cx43 C-terminal domain (PDB: 1R5S) and both 759 

GAP19 (shorter sequence of the TAT-Cx43L2) and cacotheline. molecular dynamics 760 

simulations were run (53), resulting in a final system size of 85.730 atoms. The crystal 761 

structure of the Cx43 C-terminal was used for virtual screening with the ZINC database 762 

(23) of commercially available compounds. Molecular docking for 2,063,314 compounds 763 

was performed. The 1,000 compounds that had the lowest binding score were filtered 764 

with two drug-likeness criteria: logP, and Lipinski’s rule of five (101, 102). A total of 65 765 

molecules were obtained and tested in vitro using dye uptake. Wildtype, Cx30-, Cx43- 766 

stably transfected HeLa cells and the astroglial cell line DI TNC1 grown to 80% 767 

confluence were incubated in a solution either with calcium or bivalent cation free. TAT-768 

Cx43L2 (10 nM) and cacotheline (0.1 and 1µM) were added and then incubated with 769 

DAPI. Average fluorescence intensity per cell and percentage of DAPI labeled cells were 770 

estimated and the percentage of inhibition of fluorescence was plotted against a dose-771 

response curve to extrapolate the IC50. Calcium imaging in hippocampal primary 772 

neuronal cell cultures was performed on C57BL6 mouse hippocampal neurons prepared 773 

from embryonic day 18 (103) and cultured over a feeder layer of glia (104). Live-cell 774 

calcium imaging was performed with the calcium-sensitive dyes Fluo-3 (5 μM) and Fura 775 

Red (15 μM) in ACSF without Mg2+. D-serine (100 µM) and different concentrations of 776 

TAT-Cx43L2 (0, 10 and 100 µM) and finally, 50 µM NMDA were added with or without 777 

prior MK-801 were added. Fluo-3/Fura Red fluorescence intensity ratio in cell bodies of 778 

isolated neurons without surrounding glial cells were normalized to the mean of vehicle 779 

values. For dye uptake measurements, hippocampal slices (400 µm) were obtained from 780 

rats with or without the i.p. administration of vehicle or cacotheline (120 mg/kg), 781 

maintained with ACSF bubbled with carbogen for 60 min and then ethidium uptake 782 

“snapshot” assays were performed (12, 22). The slices were then sectioned (40µm) and 783 

immunofluorescence against astroglial GFAP was performed. Dye uptake was 784 

calculated as: corrected total cell ethidium fluorescence intensity (as arbitrary units [AU]) 785 
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= integrated density – ([area of selected cell] x [mean fluorescence of background 786 

readings]). Fluorescence intensity was measured in GFAP positive cells (astrocytes) 787 

from the same quadrants that were analyzed for counting DAPI labelled cells (N=3 with 788 

triplicates). Extracellular glutamate from hippocampal slices was measured from the 789 

ACSF removed before the addition of ethidium, using a colorimetric enzyme-linked 790 

assay for indirect quantification of glutamate. 791 

Data are expressed as Mean ± SEM. For multiple comparisons, normally distributed 792 

data were analyzed by a one-way or two-way ANOVA (as appropriate), followed by 793 

Bonferroni post hoc test. When comparing only 2 groups, an unpaired student's t-test 794 

was used. When data was not normally distributed, the Kruskal-Wallis test or the 795 

Wilcoxon test were used as appropriate. Differences were considered significant when 796 

p<0.05, and shown as p*<0.05, p**<0.01 or p***<0.001.  797 
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 1079 
Figure 1. Cx43 hemichannel blockade in the ventral hippocampus during chronic 1080 
restraint stress prevents the development of depressive-like symptoms, effect that 1081 
is abolished by D-serine and glutamate. (A) Experimental design for cannula and 1082 
osmotic pump implantation, chronic restraint stress and tail suspension test (TST). (B) 1083 
Rats were subjected (black bar) or not (white bar) to 10 days of 2-h daily chronic 1084 
restraint stress. The vehicle (Veh, black and white bars; n = 12, 14) or TAT-Cx43L2 1085 
(TAT-L2, 10nM, black bar; n = 5) were microinfused alone or with a mixture of 100mM 1086 
glutamate and 200nM D-serine (TAT-L2 + Glu + D-ser, black bar; n=5 / Glu + D-ser, 1087 
white bar n=5). (C-E) Rats without stress were chronically microinfused with a 1088 
combination of glutamate and D-serine (Glu + D-ser, white bar; n=5), by each separately 1089 
(Glu, white bar; n=5 / D-ser, white bar; n=5) (C); glutamate (Glu, white bar; n=6), L-1090 
serine (L-ser, white bar; n=5), their combination (Glu + L-ser, white bar; n=8) (D); and 1091 
NMDAR agonist NMDA (NMDA; white bar; 2.71 mM, n=5) (E). (F) Rats were chronically 1092 
microinfused during chronic restraint stress with the vehicle (Veh, black bar; n = 18), 1093 
TAT-L2 (black bar; n = 12) or TAT-L2 + glutamate and D-serine (TAT-L2 + Glu + D-ser, 1094 
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black bar; n = 7), and tested 4 days after the end of stress (on day 18 from implantation). 1095 
All microinfusions were performed bilaterally into the ventral hippocampus and evaluated 1096 
on the TST the day after the end of stress (day 14 from implantation). *p<0.05, **p<0.01, 1097 
***p<0.001. Two-way ANOVA and Tukey post-hoc test. 1098 
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 1110 

Figure 2. Acute Cx43 hemichannel blockade in the ventral hippocampus induces 1111 
antidepressant effects in animals that previously underwent 10 days of chronic 1112 
restraint stress, effect that is prevented by D-serine and glutamate. (A) 1113 
Experimental design for cannula implantation, chronic restraint stress, acute bilateral 1114 
microinjection and behavioral experiments; tail suspension test (TST) and forced swim 1115 
test (FST). Rats were subjected (black bar) or not (white bar) to 10 days of 2h daily 1116 
chronic restraint stress and on the day after the end of stress (Day 14 from implantation), 1117 
were microinjected into their bilateral ventral hippocampus (vHipp) and their behavior 1118 
was measured by TST or FST. (B) Animals acutely microinjected with vehicle (Veh, 1119 
white and black bar; n = 6, 15) or 10 nM TAT-Cx43L2 peptide (TAT-L2, black bar; n = 8) 1120 
alone or with a mixture of 100 mM glutamate and 200 nM D-serine (TAT-L2 + Glu + D-1121 
ser, black bar; n = 5 / Glu + D-ser, white bar n = 5), tested on the TST. (C) Rats acutely 1122 
microinjected into the vHipp with vehicle (Veh, white and black bar; n = 6, 15) or TAT-L2 1123 
peptide (black bar; n = 8) alone or with a mixture of 100 mM glutamate and 200 nM L-1124 
serine (TAT-L2 + Glu + L-ser, black bar; n = 7) and their behavior was measured by 1125 
TST. (D) Rats acutely microinjected into the vHipp with vehicle (Veh; n = 18) or TAT-L2 1126 
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peptide (n = 12) alone or with a mixture of glutamate and D-serine (TAT-L2 + Glu + D-1127 
ser; n = 7) and their behavior was measured using the FST. (E) Rats were acutely 1128 
microinjected into the vHipp with vehicle (Veh; n = 18), TAT-L2 alone (n = 12) or with a 1129 
mixture of glutamate and L-serine (TAT-L2 + Glu + L-ser; n = 5) and their behavior was 1130 
measured using the FST. (F) The antidepressant effects of intra-hippocampal TAT-L2 1131 
(n=6) were also found after chronic unpredictable mild stress (CUMS; black, white bars; 1132 
no stress, n=7), compared to vehicle treated animals (black, Veh, n=6), effects that were 1133 
prevented by co-infusion with glutamate and D-serine (TAT-L2+glutamate+D-serine, 1134 
n=7). (G) Representative photomicrographs showing ethidium (Etd+) uptake (red) in 1135 
GFAP immuno-labeled cells (green) of hippocampal slices from rats subjected to 10 1136 
days of chronic restraint stress. TAT-L2 was used to corroborate Cx43 hemichannel-1137 
dependent uptake (n=3 per group), scale bar: 50 µm. (H) Quantification of Etd+ uptake 1138 
in GFAP labeled astrocytes of ventral hippocampal slices obtained from animals that 1139 
underwent (black bars) or not (white bars) 10 days of chronic restraint stress. Increased 1140 
Etd+ uptake was found in response to chronic restraint stress (veh, black bar) in 1141 
comparison with non-stressed animals (veh, white bar). Etd+ uptake was prevented by 1142 
TAT-L2. (I) Increased extracellular glutamate (black bar) was found after chronic 1143 
restraint stress in comparison with non-stressed control animals (white bar), which was 1144 
prevented by preincubation with TAT-L2; n=3 per group. All behavioral tests were 1145 
performed 30 min after bilateral intra-hippocampal microinfusions on the day after the 1146 
end of stress (day 14 after implantation), *p<0.05, **p<0.01, ***p<0.001. Two-way 1147 
ANOVA and Tukey post-hoc test. 1148 
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 1152 
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 1153 

Fig. 3. TAT-Cx43L2 reduces postsynaptic NMDAR activity in the hippocampus on 1154 
a glutamate- and D-serine- dependent manner. (A-B) TAT-Cx43L2 (TAT-L2, 10 nM) 1155 
reduced postsynaptic NMDAR activity in rat ventral hippocampal slices, shown as 1156 
percentage of basal fEPSP amplitude (n=4), effect that was prevented by addition of D-1157 
serine and glutamate. (C) TAT-L2 (100 μM) did not affect intracellular calcium responses 1158 
of rat hippocampal cultured neurons to NMDA (50 μM), as seen in pseudo-colored 1159 
images showing inverse changes in fluorescence intensity of Fluo-3 (left panel) and 1160 
Fura-Red (right panel), scale bar: 50 μm. (D) Quantification of Fluo-3/Fura Red 1161 
fluorescence ratios in function of time in response to TAT-L2 and NMDA. MK-801 was 1162 
used as control of NMDAR inhibition. (E) TAT-L2/Cx43 CT interaction was modeled with 1163 
Gap19, a shorter version of TAT-L2 peptide, via Molecular Dynamics for the complex. 1164 
The energetic interaction of the complex during the simulation is shown; in red the 1165 
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electrostatic interactions (-473 kcal/mol at 40 ns); in blue, the Van der Waals component 1166 
of the interaction. (F) Prediction of GAP19-Cx43 C-terminal (CT) binding site using VMD 1167 
software; the CT domain is shown in grey and GAP19 peptide is shown in green. 1168 
Hydrogen bonds are represented as black dashed lines. *p<0.05, **p<0.01, one-way 1169 
ANOVA, Bonferroni post-hoc test. 1170 
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 1194 
Figure 4. Blocking effects of cacotheline on Cx43 hemichannel activity in HeLa 1195 
cells and the DI TNC1 rat astroglial cell line. (A) Chemical structure of cacotheline 1196 
(left) and molecular docking for cacotheline with the Cx43 C-terminal (right) used to 1197 
identify the relevant aminoacids for their interaction. (B-C) HeLa cells stably transfected 1198 
with Cx43 and Cx30, were assayed for DAPI uptake in response to cacotheline 0.1 µM 1199 
in the presence (B) or absence (C) of divalent cations in the culture medium. (D) IC50 1200 
for cacotheline (0.488 ± 0.027 µM) was calculated as percentage of inhibition of 1201 
fluorescence intensity in HeLa cells transfected with Cx43. (E–F) Effects of 0.1 µM 1202 
cacotheline and 10 nM TAT-Cx43L2 on DAPI uptake in the astroglial cell line DITNC1 in 1203 
presence (E) or absence (F) of divalent cations in the culture medium. TAT-Cx43L2 and 1204 
cacotheline induced similar uptake blocking effects. (G) The IC50 for cacotheline (59.62 1205 
± 6.42 nM) in the astroglial cell line was calculated from DAPI uptake in response to 1206 
varying concentrations of cacotheline. *p<0.05, **p<0.01, ***p<0.001. Two-way ANOVA 1207 
with Tukey post-hoc test. 1208 
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 1209 
 1210 
Figure 5. Cacotheline induces a reduction in dorsal hippocampal NMDAR activity 1211 
which can be prevented by addition of D-serine and glutamate and has 1212 
antidepressant effects when injected intraperitoneally. (A) Hippocampal slices were 1213 
incubated with 1 µM cacotheline alone or with a mixture with glutamate, D-serine or 1214 
both, and induced a reduction in NMDAR activity, with representative traces of 1215 
fEPSPs(left) and their slope of input/output curves (right; n = 3). (B-C) A single dose of 1216 
cacotheline (120 mg/kg) administered i.p. induced antidepressant-like effects on rats 1217 
previously submitted to chronic restraint stress as measured using (B) tail suspension 1218 
test (TST, n = 8), and (C) forced swim test (FST, n=15). (D-E) For comparison, the 1219 
antidepressant effects of one dose of intraperitoneal subanesthetic ketamine (D, Veh, n 1220 
= 12; Ket, 5,45 g/kg, n=8) and 21 days of fluoxetine in drinking water (E, Veh, n = 22; 1221 
Flx, 0,7 mg/kg, n=8), measured using the TST. (F) Cacotheline did not affect locomotion 1222 
as measured by transitions in the Open Field test (Veh, n = 7; Caco, n = 5). (G) 1223 
Representative photomicrographs showing ethidium (Etd+) uptake (red) in GFAP labeled 1224 
astrocytes (green) from hippocampal slices of animals subjected (black bars) or not 1225 
(white bars) to chronic restraint stress for 10 days and administered i.p. with vehicle 1226 
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(Veh) or cacotheline (Caco). (H) Quantification of Etd+ uptake in ventral hippocampal 1227 
slices, expressed as percentage of GFAP-labeled astrocytes showing Etd+ uptake 1228 
normalized to controls. Astroglial increase in Etd+ uptake was found in response to 1229 
chronic stress (black bar) compared to non-stressed controls (white bar), effect 1230 
prevented by cacotheline treatment (Caco, red bar) and preincubation with TAT-Cx43L2 1231 
(TAT-L2, black bar), n=3 per group, scale bar: 50 µm. (I) Increased extracellular 1232 
glutamate was found in the culture medium of hippocampal slices after chronic restraint 1233 
stress (Veh, black) compared to non-stressed controls (Veh, white), which was 1234 
prevented by i.p. cacotheline treatment (Caco, red bar), leading to glutamate levels 1235 
similar to TAT-Cx43L2 preincubation (TAT-L2, black bar), n=3 per group, *p<0.05, 1236 
**p<0.01, ***p<0.001. Two-way ANOVA and Tukey post-hoc test. 1237 
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Materials and Methods 
 

All procedures involving animals were performed according to NIH guidelines and with approval of 
the Universidad Andrés Bello Bioethical Committee (Acta 030 – 2015). Sprague-Dawley rats (⁓60 d old, 
⁓250 g) were caged individually at 22°C and a 12/12 h light/dark cycle. The rats remained in their 
homecages throughout the study and were removed only briefly, for drug microinfusions, intraperitoneal 
administration, or behavioral procedures.  
 
Drugs for acute intra-hippocampal and systemic administration 

For drug intra-hippocampal microinfusions, TAT-Cx43L2 (YGRKK RRQRRRKQIEIKKFK: Biomatik, 
Cambridge, Canada, >95% purity) was dissolved in PBS to yield a final solution of 10 nM. Glutamate (100 
mM; SIGMA-ALDRICH) L-serine (200 nM; SIGMA-ALDRICH), D-serine (200 nM; SIGMA-ALDRICH) and 
NMDA (2.71 mM; SIGMA-ALDRICH) were dissolved in sterile saline. Cacotheline (2,3-Dihydro-4-nitro-2,3-
dixo-9,10-secostrychnidin-10-oic acid; ZINC26730911), was purchased from TCI (Tokyo, Japan) and 
dissolved in PBS to yield a final concentration of 100 µΜ.  

To evaluate systemic antidepressant-like effects, cacotheline was administered intra-peritoneally 
at 120 mg/kg, dissolved in PBS. Ketamine was injected intraperitonially at 5.45 g/kg dissolved in 0.9% 
saline (50). Control rats were injected with equal volumes of PBS or saline, respectively. Behavioral tests 
were performed 30 mins after administration of the compounds. Fluoxetine (Sigma-Aldrich) was 
administered in drinking water to yield a final daily dose of 0.7 mg/kg in 20 ml per rat, for 21 days. This dose 
has been previously shown to induce antidepressant effects in rats and to produce the same plasma level 
of fluoxetine than the 40 mg/day fluoxetine treatment for an average 60 kg person (51), which is 
recommended by the supplier (Prozac FDA Prospect, 2009). 

 
Intra-hippocampal microinjection surgery for acute microinjections 

The protocol was conducted as previously reported  (52). Under ketamine/xylazine/acepromazine 
anesthesia (60.6 mg/kg; 0.6 mg/kg and 6.67 mg/kg, respectively), rats were stereotaxically implanted with 
bilateral 21-gauge stainless steel cannulas aimed 1.0 mm above the ventral hippocampus 
(coordinates:5.04 mm anterior to Bregma, 5 mm lateral to the midline, and -6 mm ventral to the skull 
surface). The cannulas were fixed with acrylic dental cement and secured by 4 skull screws. A stylus was 
placed inside the guide cannula to prevent clogging. Rats were given at least 7 days to recover before 
experimental procedures began. Pre surgical care included the application of a Bacitracin/Neomicin 
antideptic dermal cream (Laboratorio Chile) and post-surgical care included administration of a bolus of 
ketoprofen (3 mg/kg, Naxpet) and 100µl penicillin. 

 
Intracerebral acute microinjections 

In all experiments, the stylus was removed from the guide cannula and a 25-gauge injection 
cannula was inserted along the guide cannula, extending 1.0 mm beyond its tip into the ventral 
hippocampus. Drugs (0.5 µl) were infused into each hemisphere at a rate of 0.25 µl/min, via the injection 
cannula connected to Hamilton micro-syringes by PE20 tubing, driven by a micro-infusion pump. Following 
drug infusion, injection cannulas were left in place for 1 min to allow drug diffusion. Behavioral tests were 
performed 5 min after microinjection. All experimental groups were compared to a vehicle injected group to 
control for vehicle and volume effects.  
 
Intra-hippocampal bilateral cannulation for chronic drug administration 

For chronic intra-hippocampal administration, a 200μl osmotic pump (ALZET) was used per animal 
(compound release rate: 0.5 μl/hr, duration of 14 days), connected into a Y connector (Plastics One Inc, 
USA), which was connected via PE20 tubing into bilateral cannulas (30G). For implantation surgery, 
animals were anesthetized in a chamber with isoflurane and placed in the stereotaxic apparatus, 
maintaining isoflurane anesthesia (2.5% induction and 2.0% maintenance). Subcutaneous lidocaine was 
applied to the surface of the skull to later expose the skull surgically. Landmarks (lambda and bregma) were 
established, and the skull was drilled bilaterally for cannula implantation at the ventral hippocampus using 
the following coordinates: 5.04 mm posterior to Bregma; 5.0 mm lateral to the midline, and 6 mm ventral to 
the surface of the skull (Paxinos, 2007). Subsequently, the cannulas were fixed to the skull with dental 
cement (mixture of self-curing pink acrylic with methyl methacrylate monomer), secured by two screws to 
the skull surface. The cannulas were connected to the osmotic pump, which was implanted via a 1 cm 
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vertical incision on the dorsal part of the animal's neck, through which the skin was separated from the 
muscle using forceps and the osmotic pump was inserted subcutaneously. Finally, the incision was sutured, 
and a Bacitracin/Neomycin antiseptic skin ointment (Laboratorio Chile) was administered over the wound. 
At the end of the surgery, a single dose of the anti-inflammatory ketoprofen (3 mg/kg, Naxpet, Dragpharma, 
Chile) and a 100µl of a 1200000 IU penicillin solution to prevent infections, were administered 
subcutaneously. The animal had a postoperative recovery period of 48 h before the chronic restraint stress 
began. 

 
Chronic restraint stress  
To induce depressive-like symptoms, rats underwent the chronic restraint stress protocol, which consisted 
in placing each animal into a wire mesh cage (14 x 6 cm) for 2 h per day for 10 consecutive days before 
behavioral evaluations. 
 
Chronic unpredictable mild stress 
The CUMS procedure was performed as previously described (1) with a slight modification. Rats in the 
CUMS group were exposed to different stressors: cold swimming for 5 min (at 0 °C), water or food 
deprivation for 24 h, tail nip for 1 min (1 cm from the end of the tail), damp bedding, restraint for 2h and 
inversion of the light/dark cycle for 24 h. These stressors were applied for 28 days, during which each 
stressor was applied 4 times. The same stressor was not applied on consecutive days. Control rats were 
not subjected to stressors and kept on their home cages for the 28 days. 
 
Behavioral evaluations 

To evaluate depressive-like symptoms induced by chronic restrain stress, two tests were used: 1) 
Tail suspension test (TST), in which rats are suspended above the ground by their tails, which are attached 
with tape to a suspension bar. The approximate distance between the rat’s nose and the floor was set to 
20-25 cm. The behavior was recorded for offline analysis while the animals were hanging for 6 mins and 
then released and returned to their homecages. Depressive-like symptoms were measured as increased 
immobility time (time that the animal ceased trying to escape, stopped trying to reach the walls of the 
apparatus or the suspension bar, stopped shaking or moving their limbs akin to running) and the time spent 
struggling, and compared to control non-stressed animals. 2) Forced swim test (FST), in which rats are 
individually placed in a plastic cylinder (height 50cm, diameter 20cm) filled up to 33 cm with warm water 
(22±1°C). In the pre-test day, rats are placed in the setup for 15 min and the next day (test day), the animals 
are placed in the same cylinder for 5 min and their behavior is recorded for offline analysis. The parameter 
measured as depressive-like was an increase in immobility time (time floating without struggling to escape 
or climb up the cylinder) compared to non-stressed controls. The open field test was used to assess 
exploratory locomotion over a 5-minute period. This test was conducted using a transparent plexiglass box 
measuring 100 x 60 cm. A grid with 10 x 10 cm divisions was placed at the base of the box. The animals' 
behavior was recorded for subsequent offline analysis. The total distance traveled was quantified by 
counting the number of transitions, defined as the crossing of grid lines with all four paws. 

 
Histology 

At the end of the experiments, all animals were anesthetized with isoflurane and perfused 
intracardially with a saline solution followed by 4% paraformaldehyde buffered in PBS. The brains were 
extracted and post-fixed in 30% sucrose until their density equaled that of sucrose. Then the brains were 
sectioned using a cryostat, Nissl stained (Cresyl Violet) and examined with light microscopy for cannula 
placement and assessment of histological lesions as seen by tissue damage or gliosis. Animals with 
histological lesions beyond the size of the cannula tip or guide cannula diameter were excluded from the 
analysis. All behavioral experiments were performed blinded to the experimenter, and blinding was opened 
once the histological assessment was finished. 

 
Hippocampal slice preparation and electrophysiology 

Recordings were performed following a protocol reported previously (23). The animals were 
anesthetized with isoflurane as above and decapitated; their brains were rapidly removed and transverse 
slices (400 µm) from both dorsal and ventral hippocampi were cut in a cold ACSF solution which contained 
(in mM): (124) NaCl, (2.6) NaHCO3, (10) D-glucose, (2.69) KCl, (1.25) KH2PO4 (2.5) CaCl2, and (2.60) 
Na2HPO4, using a Vibratome (BSK microslicer DTK-1500E) and incubated in ACSF for 1 h at room 
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temperature. Slices were transferred to an experimental chamber (2 ml), superfused (3 ml/min, at room 
temperature) with gassed ACSF.  

The ACSF for recording included 10 µM picrotoxin (PTX, Tocris) to suppress inhibitory GABAA 
transmission, 20 µM AMPAR antagonist NBQX (Tocris) to decrease AMPAR-dependent activity, and no 
Mg2+ to unblock NMDAR currents. Slices were visualized by trans-illumination with a binocular microscope 
(Amscope). To evoke field excitatory postsynaptic potentials (fEPSPs), bipolar concentric electrodes were 
used (Tungsten, 125 µm OD diameter, Microprobes) connected to an isolation unit (Isoflex, AMPI, 
Jerusalem, Israel). The stimulation was performed in the Stratum Radiatum within 100-200 µm from the 
recording site. Recordings were filtered at 2.0-3.0 kHz, sampled at 4.0 kHz using an A/D converter (National 
Instrument), and stored and analyzed using the WinLTP program. Basal excitatory synaptic transmission 
was measured using an input/output curve protocol of eight stimuli ranging from 200 to 900 μA, with a 10s 
interval between stimuli. Solutions of TAT-Cx43L2 (50 nM) with or without glutamate (10 µM) and D-serine 
(10 µM) for the ventral hippocampus, and TAT-Cx43L2 (50 nM) or cacotheline (1 µΜ) with or without 
glutamate (10 µM) and D-serine (10 µM) for the dorsal hippocampus, were added to the ACSF in the 
recording chamber. To control for potential combinatorial ordinal position effects, the slices were first 
incubated with TAT-Cx43L2, and then incubated either with glutamate and then D-serine, or D-serine and 
then glutamate. At the end of the recordings for the ventral hippocampus, 20µM of the NMDAR antagonist 
APV (SIGMA-ALDRICH) was used to corroborate that the recordings were from NMDAR currents. Data 
were collected and analyzed offline with pClamp 10 (Molecular Devices). 

 
MD simulations 

In order to study the potential structural interactions and dynamic stability between the Connexin 
43 Carboxyl Terminal Domain (Cx43 C-terminal; PDB id: 1R5S) and both GAP19 and cacotheline, 
molecular dynamics simulations were run using the NAMD 2.7 software (53) in conjunction with the 
CHARMM36 force field, NPT ensemble, solvated in a box of water with the TIP3P water model, (54) with 
periodic boundary conditions at constant temperature (300°K) and pressure (1 atm). A solution of 0.15 mM 
of NaCl was added to ensure electrostatic neutrality, obtaining a final system size of 85.730 atoms. 
Minimization and balance were generated from the model with a 2000 ps simulation, bringing the system 
to a local energy minimum and ensuring adequate production dynamics. The data production for the system 
was obtained after 40 ns of simulation.  
 
Virtual screening 

The crystal structure of the Cx43 C-terminal (PDB id: 1R5S) was used for molecular docking. Prior 
to the virtual screening, Cx43 C-terminal was prepared by using Molefacture tool of the VMD (Visual 
molecular Dynamics) software (55), and it was subjected to a molecular dynamics simulation for relaxation. 
Once the molecular dynamics was concluded, the last frame was used for virtual screening. The molecule 
ZINC database (23) of commercially available ligand structures was used as the main source for screening. 
To identify novel putative Cx43 C-terminal modulators from the ZINC database (http://zinc.docking.org), 
molecular docking for 2,063,314 compounds was performed. The molecules tested were obtained in mol2 
format, which comprises a representation of all atoms of the molecule, as well as the atomic partial charges 
and the order of atomic bonds. These molecules were prepared using the openbabel toolkit, (56) which 
calculates the partial charges of each atom, including the rotatable bonds as active twists and indicates the 
conformational degrees of freedom for the molecule. The state of protonation of the molecules were 
maintained as the 3D representation available in the ZINC database.  

During the virtual screening, to parallelize calculations and optimize computation time, the files 
were organized into directories and the AutoDockVina software platform was employed for the calculations. 
From the in-silico modeling of the Cx43 C-terminal, the compounds that had the lowest binding score 
(highest theoretical affinity) to the Cx43 C-terminal domain were identified, and 1,000 of them were selected 
for the next step. The ADMET properties of the 1,000 compounds were predicted by Qikprop package 
(Schrödinger New York, NY, 2019). To select the best candidate compounds, two different drug-likeness 
criteria were used: logP, and Lipinski’s rule of five; a total of 100 molecules were selected while taking into 
account these two parameters. These 100 molecules were searched in different libraries of molecules that 
were available, and a large number of those molecules were available at the National Cancer Institute of 
the USA (by request). Other compounds were obtained from other vendors. Cacotheline was obtained from 
TCI (Tokyo, Japan). A total of 65 molecules were obtained and tested in vitro using dye uptake. 
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DI TNC1 Astroglial cell culture 
The rat astrocyte cell line DI TNC1 (ATCC CRL-2005) was cultured at 37°C and 5% CO2 in 

Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 5% fetal bovine serum (Life 
Technologies) and 100 µM/ml streptomycin/ampicillin (1:1, 100 IU/ml). The culture medium was replaced 
every other day. 

 
Dye Uptake in Cx43 and Cx30 Expressing HeLa Cells and DIT NC1 Astrocytes 
For visualization of dye uptake by snap-shot images, Cx30-, Cx43- stably transfected and WT HeLa 

cells at 80% of confluence were incubated with 4´,6-diamidino-2-phenylindole dihydrochloride (DAPI, Santa 
Cruz Inc., TX, USA) in 96 well plates with HEPES -buffered salt solution with calcium (140 mM NaCl, 4 mM 
KCl, 1 mM CaC12, 1 mM MgC12, 5 mM glucose, 10 nΜ HEPES) or bivalent cation free (140 mM NaCl, 4 
mM KC1, 5 mM glucose, 2 mM EGTA, 10 nM HEPES). The compound cacotheline was added at two 
different concentrations (0.1 and 1 µM) to both solutions for 5 min, followed by 10 min of incubation with 
DAPI (10 µM). Cells were washed (to eliminate extracellular DAPI) and examined in fluorescence 
microscopy using a FLoid® Cell Imaging Station (Invitrogen, Eugene, OR). The same procedure was used 
for the astroglial cell line DI TNC1, with one difference; astroglial cells were incubated with DAPI (10 µM) 
for 5 min. Both the average fluorescence intensity per cell and the percentage of DAPI labeled cells were 
estimated. The percentage of DAPI labeled cells was quantified with respect to the total of cells visible 
under white light. To determine the IC50 of both TAT-Cx43L2 and cacotheline in HeLa cells and in the DI 
TNC1 cell line, the percentage of inhibition of fluorescence was plotted from uptake experiments using 
variable concentrations; from 10 nM to 1 µM for HeLa cells and from 1 nM to 100 nM for the DITNC1 cell 
line, and the concentration needed to attain a 50% inhibition was extrapolated.   
 
Calcium imaging in hippocampal primary neuronal cell cultures 

Cell culture isolation of mouse hippocampal neurons was prepared from C57BL6 mice at embryonic 
day 18 as described previously (2) and cultured at low density over a feeder layer of glia according to (3). 
For live-cell calcium imaging, hippocampal neurons were plated at low density of 8 × 10 3 cells/cm2 in 40-
mm cover slips pretreated with poly-l-lysine and cultured for 18-21 DIV. Hippocampal cells were loaded 
with the calcium-sensitive dyes Fluo-3 (5 μM) and Fura Red (15 μM) plus pluronic acid (0.02%) (Molecular 
Probes) for 30 min at 37°C, washed three times in ACSF plus HEPES (125 mM NaCl, 2.5 mM KCl, 26.2 
mM NaHCO3, 1 mM NaH2PO4, 2.5 mM CaCl2, 1.25 mM MgCl2, 11 mM D-glucose, 25 mM HEPES) and 
placed in a closed-bath imaging chamber coupled to automated perfusion control (RC30WA chamber / VC6 
valve system, Warner Instruments). Inverse responses to intracellular calcium and ratiometric 
measurements of Fluo-3 and Fura-Red fluorescence intensities allows accurate determination of the 
changes in calcium levels avoiding changes in fluorescence due to artifacts as focal drift and cell volume 
changes (4). Cells were continuously perfused at 0.5 ml/min with ACSF without Mg2+ for 5 min and then the 
medium was changed to ACSF without Mg2+ plus D-serine (100 µM) containing different concentrations of 
the TAT-Cx43L2 peptide (0, 10 and 100 µM) for 3 min to finally being stimulated with ACSF/D-serine without 
Mg2+ plus NMDA 50 µM. As a control of NMDAR inhibition, neurons were perfused with NMDAR antagonist 
MK-801 (Sigma-Aldrich) in ACSF/D-serine for 5 min before NMDA stimulation. Cells were imaged with an 
Olympus FV1200 confocal microscope with excitation at 488 nm and emissions were detected at 505–530 
nm for Fluo-3 and with an LP650 filter for Fura Red. Images were acquired with a 20X air dry objective at 
1024x1024 pixel resolution with intervals of 14 seconds. Fluo-3/Fura Red fluorescence intensity ratios in 
cell bodies of isolated neurons without evidence of potential remnant glial cells around neurons were 
analyzed using ImageJ imaging software and normalized to the mean of vehicle values. Between 20-30 
neurons were analyzed per condition. 
 
Dye uptake measurements in hippocampal slices 

To obtain hippocampal slices, either naïve rats or rats that underwent 10 days of chronic restraint 
stress with or without the intraperitoneal administration of vehicle or cacotheline (120 mg/kg), were 
anesthetized under isoflurane, decapitated, their brains were extracted and cut into coronal slices (400 µm) 
in an ice-cold slicing solution containing (in mM): sucrose (222); KCl (2.6); NaHCO3 (27); NaHPO4 (1.5); 
glucose (10); MgSO4 (7); CaCl2 (0.5) and ascorbate (0.1), bubbled with 95% O2/5% CO2, using a vibratome 
(Leica, VT1000GS; Leica, Germany). Then, the slices were transferred to a holding chamber filled with 
artificial cerebral spinal fluid (ACSF), at room temperature (20-22°C), containing (in mM): 125 NaCl, 2.5 



 
 

6 
 

KCl, 25 glucose, 25 NaHCO3, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCl2, bubbled with 95% O2/5% CO2, pH 7.4, 
for a stabilization period of 60 min before dye uptake experiments. 

Dye uptake ex vivo “snapshot” assays were performed as reported previously (20). The 
hippocampal slices (either from ventral or dorsal hippocampus) were incubated with 5 µM ethidium (Etd+) 
for 10 min in a chamber oxygenated by bubbling 95% O2/5% CO2 into ACSF. To ascertain that the dye-
uptake was mediated by Cx43 hemichannels, some of the slices were preincubated with 10 nM TAT-
Cx43L2 for 10 min and then Etd+ was added for another 10 min. After the exposure to Etd+, the slices were 
washed three times with ACSF and were fixed at room temperature with 4% saccharose in 4% 
paraformaldehyde for 60 min, rinsed once for 5 min with 0.1 mM glycine in PBS, and then twice with PBS 
for 10 min with gentle agitation. Then the slices were sectioned using a cryostat to obtain ⁓ ten sections 
(40µm each). The sections from the slices were incubated twice for 30 min each with a blocking solution 
(PBS, gelatin 0.2%, Triton-X 100 1%) at room temperature and then incubated overnight at 4°C with a cell-
specific antibody to identify astrocytes (anti-GFAP monoclonal antibody; Sigma-Aldrich). After the 
incubation with the antibody diluted 1:1,000 in the blocking solution, the slices were washed for 10-min with 
blocking solution, 3 times. The sections were then incubated for 2 h at room temperature with donkey anti-
mouse Alexa Fluor 488 antibody (1:1,000, Abcam) and after 3 washes (10-min each), the slices were 
mounted in Fluoromount, cover-slipped and examined in an epifluorescence microscope (Nikon ECLIPSE 
Ti-E). Stacks of consecutive images were taken with a 60X objective at 1-µm intervals, acquired 
sequentially at two wavelengths (488 nm and 543 nm), and Z stack projections were reconstructed using 
ImageJ software (National Institute of Health, USA). Dye uptake was calculated as: corrected total cell Etd 
fluorescence intensity (as arbitrary units [AU]) = integrated density – ([area of selected cell] x [mean 
fluorescence of background readings]). At least six cells per field were selected from at least three fields in 
each brain slice. The background fluorescence was set as the average value of intensity in three regions 
of interest (ROI) void of any fluorescence.  

To measure fluorescence intensity, ROIs in GFAP positive cells (astrocytes) were set surrounding 
cell nuclei and the fluorescent intensity was measured using ImageJ for each cell, for all cells in each 
quadrant, from the same quadrants that were analyzed for counting DAPI labelled cells (N=3 with 
triplicates). Fluorescent intensities were plotted for all fluorescence labeled cells, and the median number 
of labeled cells and median fluorescence were compared for each condition. 
 
Measurement of extracellular glutamate from hippocampal slices 

The hippocampal slices were obtained as above, but instead of adding Etd+, the ACSF medium in 
which the slices were incubated was removed and transferred to 1 ml aliquots and frozen at -20°C. 
Extracellular glutamate levels were determined using a colorimetric enzyme-linked assay (Sigma-Aldrich). 
In the presence of glutamate dehydrogenase (GDH) and β-nicotinamide adenine dinucleotide phosphate 
(NADP+), glutamate is oxidized to α-ketoglutarate, yielding NADPH, which can be determined 
fluorometrically for indirect quantification of glutamate concentration (excitation and emission wavelengths 
of 355 nm and 460 nm, respectively). For each assay, standard curves were constructed using standardized 
glutamate concentrations used to estimate the concentrations of glutamate in the samples, which are shown 
per mL of ACSF. 
 
Single cell electrophysiology for hemichannel activity 

HeLa cells transfected with Cx43 were cultured to 60-70% confluence in DMEM 10% fetal bovine 
serum, were washed with PBS twice and then detached from the culture well (60 mm - Nunc) with trypsin 
(TryPle express - Gibco) for 1-2 min at 37°C. Then, the cells were visualized in a light microscope to confirm 
that they had detached. The cells were then harvested and placed in a 15 ml tube, to which 2 ml of medium 
with serum was added to inactivate the trypsin. The cells were centrifuged for 2 min at 1500 rpm, the 
medium was discarded, and the cells were re-suspended in recording medium (in mM; NaCl [140], KCl 
[31], MgCl2 [31] CaCl2 [2], D-Glucose [5] and HEPES [10], pH 7.42). They were then centrifuged once more, 
the supernatant removed and then resuspended in 300 µl of recording medium and finally placed in a 1.5 
ml Eppendorf tube. The cells were left at room temperature in the recording medium for 1 h to recover from 
the trypsinization procedure before using them for the electrophysiology experiments. 

For electrophysiology, recordings were performed using the Nanion (Port-a-Patch). Six µl of a 
medium containing (in mM); NaCl (10), KCl (50), KF (31), EGTA (20), and HEPES (10), at a pH 7.42, were 
placed in the lower part of the registration chip (3-5 Mohm). Then, 6 µl of the medium was placed in the 
upper part of the registration chip, and then the chip was placed in the recording chamber. After this, 6-8 µl 
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of cells in suspension were placed in the upper part of the registration chip. Once the equipment detected 
a cell in the nano-orifice of the recording chip, it automatically modified both the pressure and the membrane 
potential of the cell to generate a Giga Ω seal. To improve this process, 20 µl of an enhancer solution 
containing (in mM): NaCl (80), KCl (3), MgCl (10), CaCl (35), and HEPES (10), at pH 7.42, were added. 
 
Surface plasmon resonance (SPR) 

SPR interaction analyses were performed using a Biacore T200 (GE Healthcare Life Sciences). 
SPR measurements were carried out in an HBS-N buffer (GE Healthcare) alone for the case of TAT-Cx43L2 
and containing additionally 2% DMSO in case of cacotheline. Stock solutions were diluted in the same 
buffer. Data were analyzed using the BIA evaluation software (Biacore AB, Freiburg). Experiments were 
performed by monitoring the refractive index changes as a function of time under a constant flow rate of 10 
µl/min. The relative amount of compound binding to the Cx43 protein was determined by measuring the net 
increase in refractive index over time compared to control running buffer. This change is usually reported 
in response units (RU). There is an inline subtraction of reference surface during the run. For the 
determination of the KD values, TAT-Cx43L2 and cacotheline were evaluated at various concentrations (0, 
0.0001, 0.0001, 0.001, 0.01, 0.1, 1, 10 µM). Regeneration was carried out with 10 mM glycine-HCl at pH 
2.5 for 30 s and at 30 µl/min. 
 
Astroglial primary cultures  

Astroglial primary cultures were prepared from brains of 1-2-day-old neonatal C57BL6 mice. 
Newborns were anesthetized using isoflurane and decapitated. Cortices were minced and incubated with 
2.5% trypsin-EDTA in Hanks' solution (in g/L: 0.4 KCl, 0.06 KH2PO4, 0.048 Na2HPO4, 8 NaCl, 1 d-glucose, 
2.4 HEPES and 3.5 NaHCO3) for 15 min and mechanically dissociated. Cells were seeded in 75-cm2 culture 
flasks in glial medium (MEM, 10% Horse Serum, 0.6% glucose, 100 units/ml penicillin, and 100 μg/ml 
streptomycin) and incubated at 37 °C in a water-saturated atmosphere with 5% CO2. After 7-14 days of 
culture, the astrocytes were trypsinized, yielding a highly enriched astrocyte culture (˃95% astrocytes). 
 
Dye Coupling  

The technique of Scrape Loading/Dye Transfer was used to measure the gap junctional intercellular 
communication between astrocytes, following previously reported protocols (19). Astrocytes from astroglial 
primary cultures were grown in a glass coverslip, and on the day of the experiment, each coverslip was 
placed in a 35 mm plastic dish and washed three times with a divalent cation free solution (DCFS, in mM: 
140 NaCl, 4 KCl, 5 EGTA, 5 glucose, and 10 HEPES, pH = 7.4). Then, scrape was performed with a razor 
blade in the same DCFS containing 500 mM carboxyfluorescein (CF, Merck). After 20 min at room 
temperature, cells were washed at least six times with recording media (in mM: 140 NaCl, 4 KCl, 2 CaCl2, 
1 MgCl2, 5 glucose, and 10 HEPES, pH = 7.4) to wash out the remaining CF. Images were captured using 
an inverted fluorescent microscope equipped for epifluorescence (Eclipse Ti-U, Nikon) and the NIS 
elements advanced research software (version 4.0, Nikon) was used for data acquisition and image 
analysis. Three images of different fields were taken for each cover and analyzed for dye transfer from cells 
along the edge of the cut, onto neighboring cells located further from the edge. 
 
 
Data Analysis 

Data are expressed as Mean ± SEM, unless stated otherwise. The data from the different 
experiments were tested for normality. For multiple comparisons, if the data was normally distributed, the 
statistical differences were assessed by a two-way analysis of variance (ANOVA), followed by Bonferroni 
post hoc test, and when comparing only 2 groups, unpaired student's t-test was used. When data was not 
found to be normally distributed, the Kruskal-Wallis test was used or the Wilcoxon test, as appropriate. 
Differences were considered significant when p<0.05. Only the p-values are written in the text and shown 
in the figures as either p***<0.001, p**<0.01 or p*<0.05. Given the large amount of data, all averages, SE, 
statistical tests and results and p values were not included in the text but can be found in Supplementary 
Table 1. 
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Supplementary Figures 
 

 

 
Figure S1. Controls for in vivo experiments. (A-B) Rats were subjected (black bar) or not (white bar) to 
chronic restraint stress for 10 days while being microinfused chronically with different drugs into the ventral 
hippocampus on day 11. Their depressive-like symptoms were measured in the TST by immobilization time 
(A) and by time struggling (B) on the day after the end of stress. Vehicle (Veh, white and black bars; n = 6, 
15) or TAT-Cx43L2 were microinfused alone (TAT-L2, black bar; n = 8) or with glutamate (TAT-L2 + Glu, 
black bar, n = 5) or D-serine (TAT-L2 + D-ser, black bar, n = 5). (C) Rats that underwent chronic restraint 
stress (black bars) or not (white bars), on the day after the end of stress, were acutely microinjected with 
the vehicle (Veh, n = 18; TAT-Cx43L2; TAT-L2, n = 15; TAT-L2 + Glu, n = 10; TAT-L2 + D-ser, n = 5; TAT-
L2 + L-ser, n = 5) and depressive-like symptoms were measured using the TST. (D) Rats that underwent 
chronic restraint stress (black bars) or not (white bars), on the day after the end of stress, were acutely 
microinjected with vehicle (Veh, white and black bar; n = 6, 15) or TAT-Cx43L2 peptide (TAT-L2, black bar; 
n = 8) and the time of immobility was measured in the TST eight days after the last stress (day 18). (E) 
Rats that underwent chronic restraint stress (black bars) or not (white bars), on the day after the end of 
stress, were acutely microinjected with the vehicle (Veh, white and black bars; n = 12, 14), TAT-Cx43L2 
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alone (TAT-L2, black bar; n = 5) or with glutamate (TAT-L2 + Glu,black bar, n = 5), D-serine (TAT-L2 + D-
ser, black bar, n = 5) and depressive-like symptoms were measured using the FST. (F) Quantification of 
Etd+ uptake, expressed as percentage of GFAP labeled cells showing Etd+ uptake/ total number of cells 
with Etd+ uptake, n=3. (G) Quantification of Etd+ uptake, expressed as percentage of non-GFAP labeled 
cells showing Etd+ uptake/ total number of cells with Etd+ uptake, n=3; *p<0.05, **p<0.01, ***p<0.001. Two-
way ANOVA with Tukey post-hoc test. 
  



 
 

10 
 

 
Figure S2. TAT-Cx43L2 effects on postsynaptic NMDAR and KD of the interaction between a 
synthetic Cx43 C-terminal and both TAT-Cx43L2 and cacotheline, measured using surface plasmon 
resonance. (A-B) Rat hippocampal slices were incubated with TAT-Cx43L2 in addition to glutamate or D-
serine and field excitatory postsynaptic potential (fEPSP) amplitude was measured for NMDAR-dependent 
currents. (C) Concentration curve and KD value for TAT-Cx43L2 interactions with a synthetic Cx43 C-
terminal, measured using surface plasmon resonance (D) Concentration curve and KD value for 
cacotheline interactions with a synthetic Cx43 C-terminal, measured using surface a plasmon resonance 
assay.  
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Figure S3. Cx43 and Cx30 hemichannel activity in Cx30- and Cx43-expressing HeLa cells, Cx43 
hemichannel activity in DIT NC1 astrocytes and cell viability assay for cacotheline in Cx43-
expressing HeLa cells. (A) HeLa cells transfected with Cx43 and Cx30, were assayed for DAPI uptake in 
presence (B) or absence (A) of divalent cations in response to cacotheline 1 µM. (C – D) Astroglial cell line 
DITNC1 was tested for DAPI uptake in presence (C) or absence (D) divalent cations in response to 
cacotheline 1 µM. (E) Blocking effects of cacotheline on Cx43 hemichannels conductance by patch clump 
electrophysiological recordings of single Cx43 transfected HeLa cells. (F) Cell viability assay (3-(4,5-
Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide, MTT) performed at different concentrations, from 
0.1 μM to 100 mM of cacotheline, at variable times (0 to 96 h), n = 3; *p<0.05, **p<0.01, ***p<0.001. Two-
way ANOVA with Tukey post-hoc test. 
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Figure S4. Effect of TAT-Cx43 L2 and cacotheline on astroglial Cx43 gap junctional coupling in 
primary astroglial culture and on postsynaptic NMDAR activity in the dorsal hippocampus. (A) Dye 
coupling assay in primary astroglial cultures for 10 nM TATCx43-L2 (TAT-L2), and for 0.1 µM and 1 µM 
cacotheline (Caco) (B) TAT-Cx43L2 induced a decrease in NMDAR activity in rat hippocampal slices as 
can be observed in fEPSP slope, which was prevented by addition of D-serine and glutamate and induced 
a reduction in NMDAR activity. Rat dorsal hippocampal slices were incubated with two doses of TAT-
Cx43L2 (30nM and 50 nM). NMDAR-dependent currents were analyzed and representative traces of 
fEPSPs (C) and their slope (D) are shown.   
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Figure S5. Effect of cacotheline on organ function. (A) Acute i.p. administration of cacotheline at 120 
mg/kg to rats had no effects 7 days after the last stress (day 18) as measured using the TST (B-E) and had 
no effects on organic function as assessed by levels of renal and hepatic function markers. (B). Comparison 
of analytes implicated in renal function (BUN, creatinine, uric acid, calcium) and hepatic function (total 
bilirubin). BUN: blood uric nitrogen. (C) Albumin and total serum proteins. (D) Transaminases (ALT, AST, 
GGT) and phosphatases (ALP) implied on hepatic function (ALT: Alanine-aminotransferase. AST: 
aspartate-aminotransferase. GGT: γ-Glutamil-transferase. ALP: alkaline phosphatase). (E) Glycemia 
comparison between controls and cacotheline injected rats. Statistical differences were assessed by t-test 
between vehicle (open bars) and cacotheline (closed bars) -treated animals. There were no significant 
differences between groups. Average data are shown ± SE, n=3 per group. 
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Table S1. Results: data and statistics 
 

Figure 1. Chronic Cx43 hemichannel blockade in the ventral hippocampus prevents the development of 
depressive-like symptoms, which can be abolished by D-serine and glutamate. 

TST in rats with or without chronic restraint stress and chronic microinfusion  
(Figure 1B) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “compared groups) 
Significance n 

Veh without stress 129.4 ± 8.35   12 

Veh with stress 199.9 ± 8.69 Veh without stress – Veh with stress – TAT-L2 *** 14 

Glut + D-serine 244.3 ± 19.63 
Veh without stress – Glut + D-serine – 

TAT-L2 
*** 4 

TAT-L2 94.60 ± 13.99 
Veh without stress – TAT -TAT + Glut + D-

serine 
*** 5 

TAT+ Glut + D-
serine 

180.2 ± 4.44 
Veh without stress – TAT + Glut + D-serine 

Veh without stress – Glut + D-serine 
*** 
* 

5 

TST in in chronic restraint stress and non-stressed rats with chronic microinfusion of glutamate or D-serine  
(Figure 1C) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “, compared groups) 
Significance n 

Veh without stress 129.4 ± 8.35   12 

Veh with stress 199.9 ± 8.69 Veh without stress – Veh with stress *** 14 

Glut + D-serine 244.3 ± 19.63 Veh without – Glut + D-serine *** 4 

Glut 143.3 ± 14.85 
Veh with stress – Glut  
Glut + D-serine – Glut 

** 
*** 

6 

D-serine 226.7 ± 9.35 
Veh without stress – D-serine 

Glut – D-serine 
*** 
** 

3 

TST in chronic restraint stress and non-stressed rats with chronic microinfusion of glutamate or L-serine  
(Figure 1D) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “ compared groups) 
Significance n 

Veh without stress 129.4 ± 8.35   12 

Veh with stress 199.9 ± 8.69 Veh without stress – Veh with stress *** 14 

Glut + L-serine 154.5 ± 14.16 Veh with stress – Glut + L-serine * 8 

Glut 143.3 ± 14.85 Veh with stress – Glut * 6 

L-serine 195.3 ± 19.43 Veh without stress – L-serine * 4 

TST in non-stressed rats with chronic microinfusion of NMDA  
(Figure 1E) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “compared groups) 
Significance n 

Veh without stress 134.4 ± 7.32   17 

NMDA 213.5 ± 32.32 Veh without stress – NMDA ** 4 

TST in rats with chronic restraint stress and chronic microinfusion tested on day 18  
(Figure 1F) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “ compared groups) 
Significance n 

Veh with stress 214.0 ± 8.216   4 

TAT-L2 98.80 ± 11.62 Veh with stress – TAT-L2 *** 5 

TAT-L2 + Glut + D-
serine 

192.7 ± 14.19 TAT-L2 – TAT-L2 + Glut+ D-serine *** 3 

Figure 2. Acute Cx43 hemichannel blockade with TAT-L2 into the ventral hippocampus induces antidepressant 
effects after chronic restraint stress, which can be prevented by D-serine and glutamate 

TST in rats with or without chronic restraint stress with acute microinjection of TAT-L2, glutamate and D-serine  
(Figure 2B) 
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Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “compared groups) 
Significance n 

Veh without stress 117.7 ± 10.12   6 

Veh with stress 211.4 ± 12.78 veh without stress – veh with stress *** 14 

Glut + D-serine 225.0 ± 11.17 
Veh without stress - Glut + D-serine-TAT-L2 - 

Glut + D-serine 
*** 

 
4 

TAT-L2 119.4 ± 10.73 Veh with stress – TAT -TAT + Glut + D-serine 
*** 
* 
 

8 

TAT -L2 + Glut + D-
serine 

207.3 ± 10.33 Veh without stress – TAT + Glut + D-serine  * 3 

TST in rats with or without chronic restraint stress, with acute microinjection of TAT-L2, glutamate and L-serine  
(Figure 2C) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “ compared groups) 
Significance n 

Veh without stress 117.7 ± 10.12   6 

Veh with stress 217.3 ± 13.24 Veh without stress – Veh with stress *** 15 
TAT-L2 128.0 ± 10.82 Veh with stress – TAT-L2 *** 8 

TAT-L2 + Glut + L-
Serine 

194.4 ± 7.71 
Veh without stress -TAT-L2 + Glut + L-Serine 

TAT-L2 -TAT-L2 + Glut + L-Serine 
** 
* 

7 

FST in rats with chronic restraint stress and acute microinjection of TAT-L2, glutamate and D-serine  
(Figure 2D) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “ compared groups) 
Significance n 

Veh with stress 148.3 ± 13.65   18 

TAT-L2 57 ± 11.32 Veh with stress – TAT-L2 *** 12 

TAT-L2 + Glut + D-
serine 

134.4 ± 7.65 TAT-L2 – TAT-L2 + Glut + D-serine ** 7 

FST after chronic restraint stress and acute microinjection of TAT-L2, glutamate and L-serine  
(Figure 2E) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “compared groups) 
Significance n 

Veh with stress 148.3 ± 13.65   18 

TAT-L2 57 ± 11.32 Veh with stress – TAT-L2 *** 12 

TAT-L2 + Glut + L-
serine 

173.4 ± 7.84 TAT-L2 – TAT-L2 + Glut + L-serine *** 5 

TST in rats with chronic unpredictable mild stress and acute microinjection of TAT-L2, glutamate and D-serine 
(Figure 2F) 

Treatment Immobility (s) 
Comparison (One way ANOVA)  

(“– “compared groups) 
Significance n 

Veh without stress 117.7 ± 10.12   6 

Veh with stress 196.7 ± 6.55 Veh without stress - Veh with stress *** 6 

TAT-L2 143.5 ± 8.02 Veh with stress - TAT-L2 *** 6 

TAT-L2 + Glut + D-
serine 

212.4 ± 6.59 
TAT-L2 - TAT-L2 + Glut + D-serine 

Veh without stress - TAT-L2 + Glut + 
D-serine 

*** 
*** 

7 

% Etd+ uptake in hippocampal slices post chronic restraint stress  
(Figure 2H) 

Treatment % Etd+ uptake 
Comparison (One way ANOVA)  

(“– “ compared groups) 
Significance n 

Veh without stress 100 ± 0   3 

Veh with stress 188.8 ± 2.84 Veh without stress – Veh with stress *** 3 

TAT-L2 + stress 63.99 ± 1.81 
Veh without stress – TAT-L2 with 

stress 
** 
*** 

3 
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Veh with stress – TAT-L2 with stress 

TAT-L2 51.09 ± 9.86 

Veh without stress – TAT-L2 without 
stress 

Veh with stress – TAT-L2 without 
stress 

*** 
*** 

3 

Extracellular glutamate from hippocampal slices post chronic stress  
(Figure 2I) 

Treatment 
Glutamate 
(nmol/ml) 

Comparison (One way ANOVA)  
(“– “compared groups) 

Significance n 

Veh without stress 95.57 ± 2.797   3 

Veh with stress 148.6 ± 2.108 Veh without stress – Veh with stress *** 3 

TAT-L2 + stress 99.90 ± 4.396 Veh with stress – TAT-L2 with stress *** 3 

TAT-L2 94.84 ± 5.685 
Veh with stress – TAT-L2 without 

stress 
*** 3 

Figure 3. TAT-L2 on hippocampal postsynaptic NMDAR activity fEPSPs in hippocampal slices  
(Figure 3A)  

Treatment 
Response amplitude 

(%basal) 
Comparison (Kruskal-Wallis test)  

(“-“comparated groups) 
Significance 

n 

Basal 100.2 ± 0.18   6 

TAT-L2 76.03 ± 3.68 Basal – TAT-L2 * 6 

TAT-L2 + Glut + D-
serine 

94.99 ± 9.35   
6 

Figure 4. Cacotheline on Cx43 hemichannel activity in transfected HeLa and DITNC 1 astroglial cell line 

DAPI uptake in HeLa cells transfected with Cx30 and Cx43 under normal Ca2+ conditions and 0.1µM cacotheline 
(Figure 4B) 

Treatment 
Average  

     (%) labeled/total 
cells 

Comparison (ANOVA) 
(“– “ compared groups) 

Significance 
n 

WT 2.597 ± 0.44   3 

Cx30 4.033 ± 1.27   3 

Cx43 3.840 ± 1.096   3 

DAPI uptake in HeLa cells transfected with Cx30 and Cx43 in response to 0.1µM of cacotheline under Ca2+ free 
conditions (Figure 4C) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (ANOVA) 
(“– “ compared groups) 

Significance 
n 

WT 2.310 ± 0.57   3 

Cx30 87.55 ± 4.78 WT – Cx30 *** 3 

Cx43 1.220 ± 0.62 Cx30- Cx43 *** 3 

DAPI uptake in DI TNC1 astrocytes in response to 0.1µM of cacotheline under normal Ca2+ conditions  
(Figure 4E) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (ANOVA) 

(“– “  compared groups) 
Significance 

n 

Control 9.096 ± 0.42   3 

TAT-L2 6.944 ± 0.92   3 

Cacotheline 10.02 ± 0.87   3 

DAPI uptake in DI TNC1 astrocytes in response to 0.1µM of cacotheline under Ca2+ free conditions  
(Figure 4F) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (ANOVA) 
(“– “ compared groups) 

Significance 
n 

Control 89.89 ± 1.38   3 

TAT-L2 7.689 ± 0.28 Control – TAT-L2 *** 3 
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Cacotheline 10.87 ± 0.46 Control – Cacotheline *** 3 

Figure 5. Cacotheline reductions of hippocampal postsynaptic NMDAR activity and its antidepressant effects 
when injected intraperitoneally. 

Effects of cacotheline on postsynaptic NMDAR activity (fEPSP) slope of input/output curves  
(Figure 5A) 

Treatment 
Slope of input/output 

curves 
Comparison (one-way ANOVA)  

(“– “ compared groups) 
Significance 

n 

Control 0.01563 ± 0.000096   3 

Cacotheline 0.005220 ± 0.001619 Control – Cacotheline *** 3 

Cacotheline + D-
serine 

0.008822 ± 
0.0003697 

Control – Cacotheline + D-serine 
Cacotheline – Cacotheline + D-serine 

*** 
* 

3 

Cacotheline + 
Glutamate 

0.009477 ± 
0.0001854 

Control – Cacotheline + Glutamate 
Cacotheline – Cacotheline + 

Glutamate 

** 
* 

3 

Cacotheline + D-
serine + Glutamate 

0.009944 ± 
0.0003599 

Control – Cacotheline + D-serine + 
Glutamate 

Cacotheline – Cacotheline + D-serine 
+Glutamate 

** 
** 

3 

TST in rats with chronic restraint stress, injected with cacotheline i.p. post stress  
(Figure 5B) 

Treatment Immobility (s) 
Comparison (Mann Whitney)  

(“– “ compared groups) 
Significance 

n 

Veh 54.50 ± 3.74   8 

Cacotheline 23.13 ± 10.70 Veh – Caco * 8 

FST in rats with chronic restraint stress, injected with cacotheline post stress  
(Figure 5C) 

Treatment 
Immobility (s) 

 
Comparison (unpaired t test) 

(“– “ compared groups) 
Significance 

n 

Veh 166.3 ± 8.35   15 

Cacotheline 133.1 ± 10.22 Veh- Caco * 15 

TST in rats with chronic restraint stress injected with Ketamine post stress  
(Figure 5D) 

Treatment 
Immobility (s) 

 
Comparison (ANOVA) 
(“– “ compared groups) 

Significance 
n 

Veh 158.7 ± 16.51   12 

Ket 100.5 ± 22.41 Veh – Ket * 8 

TST in rats with chronic stress administered with oral fluoxetine  
(Figure 5E) 

Treatment Immobility (s) 
Comparison (unpaired t test) 

(“– “ compared groups) 
Significance 

n 

Veh 160.6 ± 8.05   22 

Flx 120.9 ± 16.78 Veh – Flx * 7 

Transitions in the openfield after cacotheline i.p administration  
(Figure 5F) 

Treatment Immobility (s) 
Comparison (unpaired t test) 

(“– “ compared groups) 
Significance 

n 

Veh 52.17 ± 8.16   6 

Cacotheline 77.6 ± 15.65   5 

% Etd+ uptake in astrocytes from hippocampal slices after post-stress cacotheline i.p. administration  
(Figure 5H) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 100 ± 0 Veh without stress – Veh with stress *** 3 

Veh with stress 175.5 ± 2.95  *** 3 
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Cacotheline 82.16 ± 6.16 Veh with stress – Caco *** 3 

TAT-L2 + stress 69.05 ± 5.08 
Veh without stress – TAT-L2 + stress 

Veh with stress – TAT-L2 + stress 
* 

*** 
3 

TAT-L2 60.41 ± 11.38 
Veh without stress – TAT-L2 

Veh with stress – TAT-L2 
** 
*** 

3 

Extracellular glutamate from hippocampal slices with or without post-stress cacotheline i.p. administration  
(Figure 5I) 

Treatment Glutamate (nmol/ml) 
Comparison (one wayANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 109.6 ± 1.03   4 

Veh with stress 149.1 ± 4.81 Veh without stress – Veh with stress *** 4 

Cacotheline 113.5 ± 3.42 Veh with stress – Caco *** 4 

TAT-L2 + stress 105.2 ± 4.51 Veh with stress – TAT-L2 + stress *** 4 

TAT-L2 111.3 ± 2.63 Veh with stress – TAT-L2 *** 4 

Figure S1. Controls for in vivo experiments. 

TST in rats with or without chronic restraint stress, with chronic intra-hippocampal microinfusions  
(Figure S1A) 

Treatment Immobility (s) 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 129.4 ± 8.35   12 

Veh with stress 199.9 ± 8.69 Veh without stress –Veh with stress *** 14 
TAT-L2 94.60 ± 13.99 Veh with stress – TAT-L2 *** 5 

TAT-L2 + Glut 117 ± 8.14 Veh with stress – TAT-L2 + Glut *** 5 

TAT-L2 + D-serine 102.8 ± 9.67 Veh with stress – TAT-L2 + D-serine *** 5 

TST in rats with or without chronic stress with acute post-stress intra-hippocampal microinjections  
(Figure S1B) 

Treatment 
The time spent 
struggling (s) 

Comparison (one way ANOVA) 
(“– “ compared groups) 

Significance 
n 

Veh without stress 203.8 ± 16.31   6 

Veh with stress 147.5 ± 12.29 Veh without stress - Veh with stress * 12 

TAT-L2 233.8 ± 12.20 Veh with stress - TAT-L2 *** 8 

TAT-L2 + Glut +´D-
serine 

132.7 ± 16.34 
TAT-L2 - TAT-L2 + Glut + D-serine 

 
** 

3 

TST in rats with or without chronic stress with acute post-stress intra-hippocampal microinjections  
(Figure S1C) 

Treatment 
Immobility (s) 

 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh 117.7 ± 10.12   6 

Veh 217.3 ± 13.24 Veh without stress – Veh with stress *** 15 

TAT-L2 128.0 ± 10.82 Veh with stress – TAT-L2 *** 8 

TAT-L2 + Glut 130.0 ± 12.01 Veh with stress – TAT-L2 + Glut * 3 

TAT-L2 + D-serine 118.8 ± 18.05 Veh with stress – TAT-L2 + D-serine *** 5 

TAT-L2 + L-serine 118.3 ± 16.46 Veh with stress – TAT-L2 + L-serine ** 3 

TST in rats with or without chronic restraint stress with acute post-stress intra-hippocampal microinjections  
(Figure S1D) 

Treatment 
Immobility (s) 

 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 117.7 ± 10.12   6 

Veh with stress 211.4 ± 12.78 Veh without stress - Veh with stress *** 14 
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TAT-L2 137.3 ± 9.21 Veh with stress – TAT-L2 * 4 

FST in rats with or without chronic restraint stress with acute post-stress intra-hippocampal microinjections  
(Figure S1E) 

Treatment 
Immobility (s) 

 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh with stress 148.3 ± 13.65   18 
TAT-L2 58.6 ± 10.14 Veh with stress – TAT-L2 *** 15 

TAT-L2 + Glut 99 ± 17.16   10 

TAT-L2 + D-serine 148.6 ± 5.653 TAT-L2 - TAT-L2 + D-serine ** 5 

TAT-L2 + L-serine 165.3 ± 19.77 TAT-L2 - TAT-L2 + L-serine ** 3 
Percentage of GFAP+ astrocytes with Etd+ uptake in hippocampal slices  

(Figure S1F) 

Treatment % of cells 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 11.93 ± 0-9939    

Veh with stress 31.00 ± 2.082 Veh with stress – Veh without stress *** 3 

TAT-L2 with stress 10.00 ± 0.5774 Veh with stress – TAT-L2 with stress *** 3 

TAT-L2 without 
stress 

7.68 ± 0.3333 
Veh with stress – TAT-L2 without 

stress 
*** 3 

Percentage of non-GFAP cells with Etd+ uptake in hippocampal slices  
(Figure S1G) 

Treatment % of cells 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 17.00 ± 1.528    

Veh with stress 36.00 ± 2.309 Veh with stress – Veh without stress *** 3 

TAT-L2 with stress 31.33 ± 1.856 Veh with stress – TAT-L2 with stress  3 

TAT-L2 without 
stress 

18.00 ± 0.5774 
Veh with stress – TAT-L2 without 

stress 
*** 3 

APV on hippocampal postsynaptic NMDAR activity fEPSPs in ventral hippocampal slices  
(Figure S2B) 

Treatment 
Response amplitude 

(%basal) 
Comparison (Kruskal-Wallis test)  

(“-“comparated groups) 
Significance 

n 

Basal 100.2 ± 0.1843   6 

TAT-L2 +Glut 95.18 ± 3.514   3 

TAT-L2 + D-serine 92.37 ± 16.66 APV – TAT-L2 + D-serine * 
3 

APV 34.27 ± 2.027 Basal – APV ** 6 

Figure S3: Cx43 and Cx30 hemichannel activity in HeLa, Cx43 hemichannel activity in DIT NC1 astrocytes 
DAPI uptake in HeLa expressing Cx30 and 43 exposed to 1µM of cacotheline under normal Ca2+ conditions.  

(Figure S3A) 

Treatment 
Average (%) 

labeled/total cells 
Comparison ((Kruskal-Wallis test) 

(“– “ compared groups) 
Significance 

n 

WT 4.027 ± 1.767   3 

Cx30 3.513 ± 0.4034   3 

Cx43 4.243 ± 1.069   3 

DAPI uptake in HeLa expressing Cx30 and 43 exposed to 1µM of cacotheline under Ca2+ free conditions. 
 (Figure S3B) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

WT 4.883 ± 0.8761   3 
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Cx30 91.52 ± 3.528 WT – Cx30 *** 3 

Cx43 2.287 ± 0.7672 Cx30 – Cx43 *** 3 

DAPI uptake in DI TNC1 astrocytes in response to 1µM cacotheline under normal Ca2+ conditions (Figure S3C) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Control 9.096 ± 0.4233   3 

TAT-L2 6.944 ± 0.9171   3 

Cacotheline 9.490 ± 0.6430   3 

DAPI uptake in DI TNC1 astrocytes in response to 1µM cacotheline under Ca2+ free conditions  
(Figure S3D) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Control 89.89 ± 1.383   3 

TAT-L2 7.689 ± 0.2804 Control – TAT-L2 *** 3 
Cacotheline 9.540 ± 0.5575 Control – Cacotheline *** 3 

Figure S4. Effect of TAT-Cx43 L2 and cacotheline on astroglial Cx43 gap junctional coupling in primary astroglial 
culture and on postsynaptic NMDAR activity in the dorsal hippocampus 

Slope of input/output curves in hipocampal slices (Figure S4B) 

Treatment 
Average (%) 

labeled/total cells 
Comparison (one way ANOVA)(“– “ 

compared groups) 
Significance 

n 

Vehicle 0.01560 ± 0.00009   5 

TAT-L2 0.01037 ± 0.001001 Control – TAT-L2 *** 3 

TAT-L2  + D-serine 0.01512 ± 0.00067 
TAT-L2 – TAT-L2 + D-serine 

Cacotheline – Cacotheline + D-serine 
*** 
* 

3 

TAT-L2 + glutamate 0.01441 ± 0.00056 TAT-L2 – TAT-L2 + Glutamate *** 3 

TAT-L2 + glutamate 
+ D-serine 

0.01693 ± 0.00018 

TAT-L2 – TAT-L2 + D-serine 
+Glutamate 

TAT-L2 + Glutamate + TAT-L2 + D-
serine +Glutamate 

* 

5 

     

Figure S5. Effect of cacotheline on astroglial Cx43 gap junctional coupling and its effect on organ function 

TST in rats with chronic restraint stress and acute microinfusion of cacotheline on day 11 and tested on day 18  
(Figure S5A) 

Treatment 
Immobility (s) 

 
Comparison (one way ANOVA) 

(“– “ compared groups) 
Significance 

n 

Veh without stress 124.0 ± 12.36   10 
Veh with stress 176.0 ± 8.361 Veh without stress - Veh with stress * 5 

Cacotheline 192.2 ± 12.89 Veh with stress - Cacotheline ** 6 

 
Supplementary Table 1. Results data and statistics. All results are shown in the table, ordered by Figure, 
with the treatment, value, interactions showing significant differences, type of statistical test and level of 
significance *p<0.05, **p<0.01, ***p<0.001. In all cases normality was tested and appropriate tests were 
used. When using ANOVA, it was followed by the Tukey post hoc test. Vehicle (Veh); TAT-Cx43L2 (TAT-
L2); cacotheline (Caco); glutamate (Glut).   
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Complementary Discussion 
 

It is important to note that rodent depressive-like behaviors such as learned helplessness, 

anhedonia, and decreased social interactions are used as surrogates for human depressive symptoms but 

do not capture the full spectrum of human depressive experiences. Further studies are needed to advance 

our understanding of the role of astroglial gliotransmitter release in depression-associated behaviors such 

as memory deficits and sleep disturbances. 

 

There is ample evidence that the antidepressant effects of ketamine are mediated by its NMDAR 

antagonism (5). While other NMDAR antagonists show antidepressant effects in animal models of 

depression (6), only ketamine has antidepressant effects in depressed patients  (reviewed in (7)). It has 

been proposed that ketamine show may be different to other NMDAR antagonists due to its preferential 

inhibition of NMDARs localized in inhibitory interneurons, its activity-dependent NMDAR antagonism and 

possible differences in its effects on tonically activated specific NMDAR subunits (reviewed in (7)). Studies 

have also shown that besides NMDAR antagonism, ketamine increases postsynaptic mTOR, p70S6K, and 

4E-BP1, BDNF transcription and inhibition of GSK-3, among others (reviewed in (8)). Further research is 

required to determine the extent to which the antidepressant effects induced by astroglial Cx43 

hemichannel blockade affect the intracellular pathways activated by ketamine. Previous studies have 

shown that acute intra-hippocampal microinjection of NMDA can induce depressive-like symptoms, while 

the intra-hippocampal microinfusion of NMDAR antagonist MK801 can prevent the development of chronic 

stress-induced depressive-like symptoms (9–11). Consequently, it is likely that the decrease of postsynaptic 

NMDAR activity obtained either directly via ketamine and/or through astroglial Cx43 hemichannel blockade, 

could lead to similar antidepressant effects.  

Previous studies have suggested that chronic restraint stress induces a decrease in the number 

and density of GFAP+ cells (12–14) and a reduction in astroglial cell volume, arbor area and lacunarity in 

the ventral hippocampus and dentate gyrus (13, 14), changes that were counteracted by fluoxetine 

treatment (15). Future studies should determine whether continuous TAT-L2 intra-hippocampal 

microinfusion during chronic stress can prevent the morphological changes in astrocytes induced by chronic 

stress.  

In the experiments utilizing chronic release through osmotic pumps, TAT-L2 was continuously 

administered for 14 days. Given that it prevented the development of depressive symptoms, as evidenced 

by the absence of symptoms in rats on day 18, it is likely that TAT-L2 remained biologically active 

throughout the entire 14-day period. However, considering that TAT-L2 is a peptide, it is possible that it 

degraded overtime, so the possibility that its effects took place during the first days of stress cannot be 

ruled out.     

Similar to the effects observed in the BLA during cued fear memory training (16, 17), under non-

stressed conditions, blocking Cx43 hemichannel activity in the hippocampus would most likely impair both 

NMDAR-dependent synaptic plasticity and reference spatial memory. However, chronic stress induces an 
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increase in post synaptic NMDAR activity in the hippocampus (18, 19) and impairs NMDAR-mediated 

synaptic plasticity in the hippocampus (20–23), due to the excess of NMDAR activity through an inverted U 

effect, changes in the expression of AMPAR  and NMDAR subunits (24–27), and other factors (reviewed 

in (21), which may contribute to stress-associated spatial memory deficits (28, 29). Therefore, short-term 

Cx43 hemichannel blockade in chronic stress-induced depression could reduce NMDAR activity sufficiently 

to reactivate NMDAR-dependent synaptic plasticity and in the long-term, contribute to decreasing 

glutamate, ATP and D-serine build up, possibly restoring hippocampal synaptic plasticity and spatial 

memory. Further experiments should be performed to assess this possibility. 

Our previous research (16, 17) showed that in cued fear conditioning, blocking Cx43 hemichannel 

activity in the BLA impeded short-term memory and memory consolidation. This effect was prevented by 

the addition of a mixture of glutamate and D-serine, but not by either compound alone or by a combination 

of glutamate and glycine, suggesting a role for synaptic NMDARs rather than extrasynaptic NMDARs, as 

glycine acts as a co-agonist on extrasynaptic GluN2B-containing NMDARs, whereas D-serine acts on 

synaptic GluN2A-containing NMDARs (30). Although we did not test the ability of a combination of 

glutamate and glycine to reverse the decrease in NMDAR activity induced by TAT-Cx43L2 in the present 

report, the reversion by glutamate and D-serine strongly suggests a role for synaptic NMDARs, likely 

involving GluN2A-containing NMDARs. 

A study by Portal and colleagues reported that the intra-hippocampal reduction of Cx43 via the 

injection of a shRNA against Cx43 or the acute systemic injection of a non-selective Cx inhibitor increased 

the antidepressant effects of fluoxetine (31). Therefore, it is likely that the blockade of Cx43 hemichannels 

via cacotheline or D4 may increase the efficacy for antidepressants such as fluoxetine. This could be 

especially relevant for patients that show only partial improvements with current antidepressants.  

Astroglial Cx43 hemichannels have been shown to regulate postsynaptic NMDAR activity in the 

prefrontal cortex (PFC) via D-serine (24). Therefore, blocking Cx43 hemichannels in this region could 

potentially yield antidepressant effects. This aligns with findings that peripheral administration of 

cacotheline, which likely penetrated the entire brain, had antidepressant effects. However, it is important to 

recognize that the effects of chronic stress may differ between the hippocampus and the PFC. Therefore, 

future research should investigate the effects of Cx43 hemichannel blockade in the PFC within the context 

of depression. 

The acute administration of cacotheline did not result in any noticeable behavioral deficits or 

sedation, as evaluated in the openfield test, nor did it impact markers of organ function. Additionally, chronic 

administration of cacotheline at its effective dose did not cause lethality, thereby ruling out cardiotoxicity, 

which would typically manifest as behavioral deficits and lethality. However, Cx43 gap junctions are 

essential for calcium propagation during heartbeats, enabling synchronized myocardial contraction. 

Therefore, the safety profile of any future drug targeting Cx43 hemichannels must rigorously exclude 

cardiac toxicity due to unintended effects on Cx43 gap junctions. Previous studies in rodents have shown 

that blocking Cx43 hemichannels with peptides that interact with the Cx43 C-terminal (such as TAT-
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Cx43L2, GAP19, or αCT1) did not adversely affect overall cardiac function  (32), even demonstrated 

cardioprotective effects in several models of cardiac dysfunction. These include protection against 

isoproterenol-induced arrhythmia in a rodent model of muscular dystrophy (33) and against cardiac 

ischemia-reperfusion injury (32, 34). However, further research is necessary to examine both the potential 

short- and long-term effects of chronic administration of Cx43 hemichannel blockers like cacotheline or D4 

on both gross and more detailed cardiac function, such as sinus rhythm, sino-atrial, atrio-ventricular and 

intraventricular conduction. 
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