












the novel and familiar environments, while all intra- and extra-
maze cues are novel) and 2) environments sharing a large set of
common cues (“rEnv” and familiar environments where geom-
etry and all visual cues, both intra- and extramaze, are pre-
served). Our conclusions primarily concern “global” remapping,
as opposed to pure “rate” remapping (see Leutgeb et al. 2005 for
distinction), as pure rate remapping is observed most clearly in

the CA3 region in adult rats (Leutgeb et al. 2005), whereas the
data in this study were collected from region CA1.

The presence of place cell remapping in the “rEnv” condition
shows that the pre-weanling hippocampus can discriminate en-
vironments sharing a substantial degree of sensory similarity
(“rEnv” and “Familiar” environments, sharing all visual cues)
and encode them using independent, decorrelated neural
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Figure 3. Pattern completion occurs in pre-weanling place cells. (A–C) Replacing the environmentwalls for a visually identical replica (“rWalls”) does not affect placemaps.

(A) Examples of place cell ensembles in familiar environment (familiar, left) and in the “rWalls” condition (“rWalls”, right), at different ages. (B) Average spatial correlation

(mean ± SEM, left panel; CDFs, right panel) across familiar trials (pale colors) and familiar versus “rWalls” condition (bold colors), at different age groups (colors as in Fig. 1).

Dotted lines indicate chance levels. Inset shows data for animals aged P16–18. (C) Average firing rate overlap (mean ± SEM, left panel; CDFs, right panel) across familiar

trials (pale colors) and familiar versus “rWalls” condition (bold colors), at different ages. (D–F) Replacing the environment floor for a visually identical replica (“rFloor”) only

affects placemaps in adult rats. (D) Examples of place cell ensembles in familiar environment (familiar, left) and in the “rFloor” condition (“rFloor”, right), at different ages.

(E–F) as in B and C but for familiar and “rFloor” conditions. (G–F) Pattern completion is already functional before weaning. (G) Spatial correlations (mean ± SEM) between

familiar trials and the 3 trials with environmental manipulations of the local non-visual intramaze cues (“rEnv”, “rFloor”, “rWalls”) for pre-weanling animals only. Inset

shows data for animals aged P16–18. (H) Same as G, but for firing rate overlap. n.s., P � 0.05, ***P < 0.001.
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codes, already at P16. These results are therefore consistent with
the conclusion that hippocampal place maps already show pat-
tern separation as soon as place responses can be recorded.

This study also offers the first demonstration of pattern com-
pletion in pre-weanling place cells.We tested pattern completion
using the well-established cue removal experimental procedure
(O’Keefe and Conway 1978; Nakazawa et al. 2002; Gold and Kes-
ner 2005; Nakashiba et al. 2012).

Animals were introduced in environments in which either all
local non-visual cues were changed (“rEnv”) or only partial, com-
plementary, sub-sets of these cues were changed (“rFloor” and
“rWalls”). We chose to manipulate the proximal olfactory cues
as this sensorymodality is the first tomature duringmammalian
development (Alberts 1984), and therefore, olfactory cues are
likely to be themost salient cues available for spatial localization
to pre-weanling rats. Place cell maps of pre-weanling rats re-
mained unchanged in the “rFloor” and “rWalls” conditions,
while complete remapping was observed in the “rEnv” condition,
demonstrating that the hippocampus can recall maps of previ-
ously experienced (familiar) environments, upon exposure to
only a subset of the familiar cues.

The key signature of pattern separation/completion is a non-
linear response to linear changes in input stimuli. In our results,
such a nonlinear response is apparent when contrasting place
cell responses in the “rEnv”, “rWalls”, and “rFloor” conditions
(see Fig. 3G): a linear response would predict that the perturb-
ation caused by “rFloor” and “rWalls” would sum to that of
“rEnv”: instead, both “rFloor” and “rWalls” produce no effect,
while “rEnv” elicits strong remapping. While the most stringent
test of pattern separation and completion is to expose animals
to a series of environmental manipulations where one variable
is parametrically changed along a single dimension (geometry:
Leutgeb et al. 2005, 2007; Wills et al. 2005; intra- and extra-maze
cue mismatch: Lee et al. 2004), the number of recording trials re-
quired for this approach precludes its use in pre-weanling ani-
mals. Notwithstanding this technical limitation, when
comparing the Novel, “rEnv” and familiar manipulations to-
gether, our results show that increasing environmental change
(familiar < rEnv <Novel) leads to a nonlinear, all-or-none remap-
ping response, thus supporting our interpretation that the devel-
oping hippocampus already displays pattern separation and
completion at the earliest ages sampled (P16).

In summary, the results reported here are consistent with the
hypothesis that the hippocampus is capable of associative encod-
ing and recall as soon as rats engage in spatial exploration. These
results might help inform the long-standing debate over when,
during human development, children start displaying associative
learning. In particular, we note here that there is some evidence
for early associative capabilities in human infants as young as 6
months old (for a thorough review of this subject, see Mullally
and Maguire 2014). Our study demonstrates that the mammalian
hippocampus is capable of supporting associative learning in the
spatial domain early during postnatal development, at a time
when rats are just starting to display spatial exploration and,
therefore, support the view that these capabilities should already
be present in the human infants. We also note here that there is
some evidence linking the onset of self-displacement (crawling
in humans) with the emergence of flexible memory in human in-
fants (Herbert et al. 2007), raising the possibility of an interesting
parallel between rat and human development.

Our experiments were conducted in the CA1 region, a key out-
put station for the entire hippocampal formation. The spatial se-
lectivity of CA1 place cells, may, in turn, reflect spatial firing in
two key input areas: CA3 and entorhinal cortex. The most

prominent spatial signal in the entorhinal cortex are grid cells
(Hafting et al. 2005), and the observation that grid maps realign
in novel environments (Fyhn et al. 2007) inspired the hypothesis
that grid cell realignment drives hippocampal remapping (Fyhn
et al. 2007; Monaco et al. 2011). It is therefore notable that we
find adult-like place cell remapping in pre-weaning animals,
despite the lack of adult-like spatially stable grid cells at these
ages (Langston et al. 2010; Wills et al. 2010; Bjerknes et al.
2014). These data conclusively rule out that the realignment of
regular and stable grid cells is necessary for remapping, at least
in developing rats, and confirm recent findings in adult rats
(Brandon et al. 2014; Hales et al. 2014), suggesting that place
cell remapping is grid cell independent also in adulthood. Al-
though we cannot exclude that the immature, irregular spatial
firing of putative grid cell precursors present in the EC before
weaning (Derdikman and Moser 2010) might drive remapping,
their firing patterns are extremely noisy (Langston et al. 2010;
Wills et al. 2010), and therefore, it is unlikely that these could
convey a coherent remapping signal to hippocampal place
cells. We believe it more parsimonious to propose that remap-
ping in the hippocampus does not require functional grid cell
firing in pre-weanling rats.

What drives remapping in young pups remains an open ques-
tion. It is also notable that the dentate gyrus, which is thought to
be the ultimate driver of pattern separation in the hippocampus
(Marr 1971; McNaughton and Morris 1987; Treves and Rolls 1994;
Gilbert et al. 2001; Leutgeb et al. 2007), develops late, following a
slower maturation than the CA fields where place cells are found
(Bayer 1980).

Pattern completion in place cell networks is commonly held
to be based on the recurrent connectivity of CA3 (Marr 1971).
Our finding of pattern completion in young pre-weanling rats is
therefore consistent with evidence from in vitro recordings that
recurrent connectivity is already in place in CA3 by the second
postnatal week (Gómez-Di Cesare et al. 1997). Here, we provide
the first functional demonstration that CA1 place maps can per-
form pattern completion and therefore display critical features of
associative networks, as soon as place cells can be recorded. An
interesting contrast between remapping in pre-weanling and
adult rats is that the pre-weanling CA1 place cells studied here
showed a greater propensity for all-or-none remapping, com-
paredwith adults, where CA1 often shows partial or intermediate
responses (Lee et al. 2004; Leutgeb et al. 2004). We speculate
that, in the absence of mature entorhinal cortex input (see
above), CA1 inputs may more faithfully reflect auto-associative
inputs from CA3.

We note an interesting and possibly important dissociation
between the early emergence of associative encoding in place
cells, reported here, and development of place cell accuracy in a
familiar environment, which we investigated in a previous ex-
periment (Muessig et al. 2015). Muessig et al. (2015) showed
that, before weaning, place cells are more accurate and reliable
close to environmental boundaries than in the center of an
open field environment. At weaning (and co-incidentally with
the emergence of grid cells), place cells become equally accurate
throughout space. This result suggests that grid cells may have a
specific role in spatial cognition, allowing accurate navigation
when an animal is far from environmental landmarks. The de-
velopmental dissociation between accurate, environment-wide
mapping and associative memory encoding suggests that these
processes are based on different neural substrates developing
on distinct timescales.

We found that changing all intramaze olfactory cues
(in “rEnv”) results in strong place cell remapping in pre-weanling
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rats, even though all visual (intra- and extramaze) cues remain
constant. This result indicates that the sensory modalities sup-
porting place cell firing mirror the general pattern of sensory de-
velopment whereby the chemical senses (along with tactile
sensation) develop first and vision latest. For example, rat pups
can recognize the odor of their mother by P2 (Polan and Hofer
1999) and their home cage by P12 (Gregory and Pfaff 1971), where-
as eyes remain closed until P14, and visual neural responses con-
tinue to mature for at least 2 weeks afterwards (Fagiolini et al.
1994; Prévost et al. 2010). The development of visual behavioral
responses has been studied only in mice: but here also, eyes
open at P15 and visual responses take approximately 2 weeks
to mature (Prusky et al. 2004). Olfactory cues are also important
for place cell stability in adult rats, if no visual cues are available
(Save et al. 2000). We also note that, although the “rEnv”manipu-
lationwas primarily aimed at removing olfactory cues, we cannot
rule out that very subtle changes in tactile cues (for example,
changes in paint texture) may have also been detected by the
rats. It is known that tactile cues can control place cell firing in
adult rats (Gener et al. 2013). The increased dependence of pre-
weanling place cells on boundaries (Muessig et al. 2015, see
above) may also explain the seemingly paradoxical result that
changing olfactory cues on the floor has a weaker effect in pre-
weanling rats than in adults, despite olfactory cues appearing
more important in general at this age. The increased weighing
given to boundary cues may allow better compensation (via pat-
tern completion) of the changed olfactory cues on the floor.

The presence of pattern completion in the pre-weanling
hippocampus also suggests that, like in the adult, the earliest
hippocampal place cells are integrating information from a con-
stellation of cues and are therefore already coding for an abstract
construct of space (O’Keefe and Conway 1978; Muller and Kubie
1987). As previous studies of pre-weanling place cells did not in-
clude any environmental manipulations (Langston et al. 2010;
Wills et al. 2010; Muessig et al. 2015), the possibility remained
that seemingly spatially selective firing was in reality driven by
a single, spatially localized cue (e.g., an odor trace). We argue
that our pattern completion results rule out that possibility,
and in this sense, we have demonstrated here that spatially re-
sponsive CA1 pyramidal cells are truly “place cells,” even in the
youngest rats. We accept the caveat, however, that we cannot
conclude whether the conjunctions of cues supporting early
place firing aremulti-modal, as in the adult (O’Keefe and Conway
1978; Save et al. 2000) or based primarily on one sensory modal-
ity. In conclusion, our results suggest that the hippocampus
processes incoming information in an obligatory associative
fashion, and that this property is unlikely to require extensive ex-
perience-dependent remodeling of hippocampal connectivity
after animals start to actively explore their environment.
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